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ABSTRACT 
 
Novel detection and analysis methods for radioactive iodine concentration and 
speciation were investigated for aqueous samples.  Radioactive iodine is one of the 
primary risk-drivers at nuclear waste facilities, and regulations for the presence of 
radioactive iodine in drinking water are stringent.  The first phase of this investigation 
described the development and characterization of a scintillating anion-exchange resin 
preferential for aqueous iodine in the form of iodide (I-).  The resin was incorporated into 
a radiochromatography flow-cell scintillation detection system that allowed for 
simultaneous separation, concentration, and detection of aqueous 129I.  The performance 
of this analytical method was characterized with both on-line and off-line measurements 
of synthetic groundwater samples spiked with 129I as I-.   Parameters of interest included 
loading efficiency, detection efficiency, capacity, column elution, sorption kinetics, and 
interferences.  It was determined that this detection system was suitable for the 
measurement of aqueous radioactive I- in the presence of potentially interfering analytes 
at typical groundwater concentrations.  However, this method alone was insufficient for 
the determination of multiple aqueous radioactive iodine species. 
The developed and characterized flow-cell method for I- was incorporated into a 
larger analytical method suitable for the determination of multiple aqueous radioactive 
iodine species including I-, molecular iodine (I2), and iodate (IO3-) at environmental 
concentrations.  The redox-active nature of iodine makes its mobility and fate in the 
environment difficult to predict, thus underscoring the importance of species-specific 
determination of iodine concentrations.  The expanded method coupled solid phase 
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extraction and liquid scintillation counting with the radiochromatography method for a 
sequential measurement of each of the three iodine species.  Solid phase extraction disks 
were impregnated with polyvinylpyrrolidone for the selective extraction and stabilization 
of I2 with subsequent analysis by liquid scintillation counting.  Aqueous I- was 
concentrated and measured using the radiochromatography system.  A subsequent 
chemical reduction of IO3- to I- in the effluent was used to quantify IO3- by the same 
flow-cell system.  Nearly quantitative results were found for standardized single-species 
samples of I2 (92%), I- (102%), and IO3- (91%), respectively, while consistent results 
were obtained for aqueous samples containing a mixture of the three iodine species.   
The aqueous radioactive iodine speciation method was subsequently applied to 
the analysis of aqueous radioactive iodine speciation in the presence of hausmannite.  
Other manganese minerals such as birnessite have been shown to affect iodine speciation 
in the subsurface.  Batch contact studies were completed with 129I (as I-) in synthetic 
groundwater over a range of pH values and contact times.  Samples were analyzed and 
iodine speciation was determined by the application of the novel method.  An additional 
step involving the dissolution of the solid phase with subsequent analysis by liquid 
scintillation counting was included to determine iodine sorption to the mineral.  Results 
for samples at pH 3 indicated initially rapid oxidation of I- to I2 followed by subsequent 
slower oxidation of I2 to IO3-.  Increased sorption of iodine was also observed with 
increasing IO3- concentrations.  The redox and sorption behavior was observed to be 
highly pH dependent.  The data were also used to model the kinetics of the observed 
oxidation and sorption with first-order Bateman equations. 
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CHAPTER 1 
INTRODUCTION 
 
Background 
 The detection and measurement of radioactive iodine in the environment is a 
complex and challenging task.  Chief among these challenges are the relatively low 
concentrations at which radioactive iodine typically occurs in the environment and the 
redox-active nature of iodine.  Additional challenges are incurred from a regulatory 
perspective for which radioactive iodine is regulated to concentrations that are well below 
detection limits for most analytical techniques without the benefit of extremely expensive 
equipment that is not readily available in most laboratories.  
Iodine is a stable and naturally occurring element that is generally found in 
natural water systems at concentrations of 60 Pg/L or less (Clesceri, 1998a-c).  However, 
fallout from nuclear testing and byproducts of nuclear power generation have resulted in 
several sources of anthropogenic radioactive iodine in the environment, particularly 129I 
and 131I.  Iodine-131 is a beta-emitting (0.606 MeV) isotope that is usually considered a 
short-term concern due to its short half-life of 8.04 days.  Iodine-129 is a beta-emitting 
radionuclide (0.15 MeV) with a half-life of 1.57x107 years and a chain fission yield of 
0.706%.  
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Redox and Sorption Behavior of Iodine 
 As an additional challenge, iodine is known to be a redox-active element capable 
of existing in several different oxidation states in environmental systems including -1, 0, 
and +5.  As a result, uncertainty surrounding the speciation and fate of iodine in the 
environment promotes difficulty in monitoring iodine concentrations.  There are 
generally three non-organic iodine species of concern in the environment: iodide (I-), 
iodate (IO3-), and molecular iodine (I2).  Iodide is expected to be the predominant iodine 
species in groundwater systems and at nuclear waste sites. The speciation of iodine is 
expected to have a significant impact on the subsurface mobility of the iodine. Aqueous I- 
generally exhibits nearly conservative behavior with very little sorption to subsurface 
soils as evidenced by measured distribution coefficient (Kd) values at or below 1 mL/g 
(Um and Serne, 2005).  In contrast, IO3- is expected to sorb more strongly to subsurface 
soils, thus decreasing its subsurface mobility (Um and Serne, 2005).  Molecular iodine 
tends to interact with organic carbon to generate organoiodine compounds (Um and 
Serne, 2005).  These differences give I- much greater mobility in the subsurface than IO3- 
and I2 and heavily influence the ultimate fate of iodine in the environment.  These 
observations have significant implications for potential exposure and risk assessment 
analyses. 
  An example of the impact of the redox-active nature of iodine can be observed in 
the 129I plume in the F-Area burial grounds at the Savannah River Site.  The source of the 
plume is a burial trench originally containing a variety of radionuclides, most of which 
were cationic.  In an attempt to decrease the mobility of these cationic radionuclides, lime 
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was added to the trench to increase the soil pH and decrease the cationic character of the 
subsurface.  The action inadvertently increased the mobility of anionic 129I- thus resulting 
in a mobilized 129I plume containing 129I concentrations greater than 100 pCi/L.  The 
plume, which originally contained iodine almost exclusively as I- that had been  
immobilized as a result of the very low pH sediments in the subsurface, subsequently 
exhibited speciation changes in the iodine as it moved down gradient (Kaplan et al., 
2011).  At the well monitoring station farthest from the plume source, the 129I was 
distributed almost exclusively as IO3- and organic iodine.  The plume is illustrated in 
Figure 1.1.  
 An additional 129I groundwater plume has been identified in the 200 Area of the 
Hanford Site (U.S. Department of Energy, 2000).  The 200 Area was the site of 
reprocessing, plutonium finishing, and defense waste management activities.  Waste from 
these processes was subsequently stored in underground tanks (EPA, 2012).  Leakage 
from the tanks as well as discharges from trenches and cribs have resulted in a significant 
plume of several radionuclides including tritium (3H) and 129I (EPA, 2012).  As of 2004, 
measured 129I concentrations over 74.4 km2 in the plume exceed 1 pCi/L (Hartman et al., 
2005). The plume is of significant concern due to its proximity and ultimate discharge 
into the Columbia River which has the potential to result in public exposures.   
 4 
 
Figure 1.1: Iodine-129 plume in the F-Area burial grounds of the Savannah River Site 
(Kaplan et al. 2011) 
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Iodine Oxidation by Manganese Minerals 
A potential explanation for the observed iodine transformations is interaction with 
oxidizing subsurface minerals.  Manganese-containing minerals, in particular, have been 
observed to cause the oxidation of I- to IO3- through an I2 intermediate 
Manganese is the second most abundant transition metal in the crust of the Earth 
(Allard et al., 2009).  Manganese oxide and hydroxide minerals are common in a variety 
of subsurfaces and can result from the weathering of other minerals such as primary 
manganese carbonates (Nesse, 2012).  Manganese minerals are commonly found 
intermixed with each other or with other minerals (Nesse, 2012).  Manganese oxide 
minerals are also known to participate in a variety of reactions with both organic and 
inorganic substances including oxidation, reduction, sorption, and precipitation processes 
(Allard et al., 2009).  Manganite (MnOOH) and hausmannite (Mn3O4), which is 
composed of both divalent (Mn2+) and trivalent (Mn3+) sites, are typical in hydrothermal 
veins.  Coronadite (PbMn8O16), hollandite (BaMn8O16), romanechite ((Ba,H2O)2Mn5O10), 
and todorokite ((Mn,Ca,Na,K)(Mn,Mg)6O12·3H2O) are common dendritic minerals that 
precipitate from groundwater onto fracture surfaces (Nesse, 2012).  Birnessite (Mn2O4) is 
commonly found as part of desert varnish (Nesse, 2012). 
A number of studies have been undertaken to investigate the redox and sorption 
behavior of iodine species in the presence of manganese minerals, and, in particular, 
birnessite.  The sequential balanced redox reactions for the coupling of I- and birnessite 
are shown in Equations 1.1 and 1.2: 
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OHMnIHOMnI aqaqsaq 2)(
2
)(2)(42)( 42284 o   Eq. 1.1 
OHMnIOHOMnI aqaqsaq 2)(
2
)(3)(42)(2 222 o 
  Eq. 1.2 
 
Fox et al. (2009) utilized batch contact studies of I- in the presence of birnessite to 
observe a two-step reaction in which I- was oxidized to IO3- with I2 as an intermediate 
species.  A first-order reaction rate was observed with respect to I- concentration, pH, and 
birnessite concentration, respectively.  Allard et al. (2009) completed a similar study with 
synthetic birnessite but obtained some contrasting results.  Similar oxidation of I- to IO3- 
through an I2 intermediate was observed, but a second-order reaction rate with respect to 
I- concentration and a first-order reaction rate dependence on birnessite concentration 
were determined.  The study by Allard et al. (2009) also noted negligible adsorption of 
iodine species on the birnessite at neutral pH.  Gallard et al. (2009) studied iodine species 
transformations with birnessite with and without the presence of natural organic matter 
(NOM).  In the absence of NOM, Gallard et al. (2009) observed the same I- oxidation 
scheme to IO3- through an I2 intermediate as noted by the previous studies.  However, 
when I- was in the presence of both birnessite and NOM, Gallard et al. measured 
absorbable organic iodine at pH<7.  The observed absorbable organic iodine was 
attributed to the preceding formation of I2.  Groundwater injections tests were completed 
by Fox et al. (2010).  In these studies, injection of I- into an oxic zone of an aquifer again 
resulted in oxidation to produce I2 and IO3-.  The oxidation was attributed to subsurface 
manganese oxides.  Finally, Kaplan et al. (2011) observed sorption of iodine in the 
subsurface was highly dependent on pH.  Iodate was again observed to sorb more 
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strongly than I- in clay-rich sediments, but the two species exhibited comparable sorption 
behavior in sandy sediments. 
 
Risk Assessment 
The high inventory of 129I at nuclear waste sites coupled with its long half-life 
generally makes 129I one of the primary risk drivers for nuclear waste repositories 
(Schwehr et al., 2009).  Beta-emitters such as 129I and 131I are regulated by the 
Environmental Protection Agency’s (EPA) through the Safe Drinking Water Act to an 
exposure rate of 4 mrem/yr.  For 129I, this maximum contaminant level (MCL) is 
equivalent to a concentration of 10 pCi/L (~0.4 Bq/L, 0.06 Pg/L ) based on a daily intake 
of 2.2 L of water and using the most recent dose conversion factor for 129I ingestion 
(1.06x10-7 Sv/Bq) from Federal Guidance Report 13 (EPA, 2002).  The Department of 
Energy (DOE) regulates to an order of magnitude below the MCL to 1 pCi/L (~0.04 
Bq/L, 0.006 Pg/L) based on International Council for Radiation Protection (ICRP) 
Publication 30 (1979).  These regulatory standards are especially low due, in part, to the 
increased risk incurred from exposure to radioactive iodine as a result of its tendency to 
accumulate in the thyroid.  For comparison, the Safe Drinking Water Act designates an 
MCL of 30 Pg/L for uranium and 49 pCi/L (1.80 Bq/L) for 90Sr.  The stringent standards 
for radioactive iodine place an even greater burden on analytical methods chosen for the 
determination of environmental concentrations of radioactive iodine. 
A general risk assessment calculation consists of four terms: 1) contaminant 
release; 2) contaminant transport; 3) exposure to the contaminant; and 4) consequence of 
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exposure (Fjeld et al., 2007).  For the case of radioactive iodine contamination, the 
contaminant speciation has the potential to significantly impact three of these terms: 
transport, exposure, and consequence.  As noted previously, iodine speciation is 
anticipated to have a significant affect on its subsurface mobility.  Completely reduced I- 
is generally considered to travel conservatively with the groundwater [Um and Serne 
(2005) measured Kd YDOXHVP/J@ZKLOH,2 and IO3- would be expected to be 
significantly retarded either by sorption or by interaction with organic material.  Iodine 
speciation may also affect the exposure term.  For radioactive contaminants such 129I and 
131I, exposure is quantified by determining the amount of activity to which a receptor is 
subject (either by ingestion, inhalation, submersion, or irradiation) and multiplying by an 
effective dose conversion factor which takes into account the physiological interactions 
and energy depositions that occur (Fjeld et al., 2007).  In their review of 129I speciation in 
the environment, Hou et al. (2009) noted that water soluble forms of 129I would be 
expected to display greater bioavailability compared to organic, oxide, and mineral forms 
of iodine.  With greater knowledge of iodine speciation, the effective dose factors could 
be modified to reflect the potential differences in the bioavailability and physiological 
response to different iodine species.  Finally, having influenced the preceding transport 
and exposure terms, the final risk, or consequence term, would ultimately be impacted by 
taking into account iodine speciation. 
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Standard Methods for Stable and Radioactive Iodine Analysis  
The American Water Works Association (AWWA) lists several standard methods 
for the quantification of iodine species in water, though no individual AWWA method is 
suitable for the measurement of all of the various iodine species that may be present in an 
environmental sample (Clersceri, 1998a).  Methods for the quantification of I- in aqueous 
systems include the leuco crystal violet method, the catalytic reduction method, and the 
voltammetric method (Clersceri, 1998b).  The leuco crystal violet method has a lower 
limit of detection of 50 µg/L and an upper limit of 6,000 µg/L for I- (Clersceri, 1998b).  
However, chloride concentrations above 200 mg/L can significantly interfere with this 
method (Clersceri, 1998b).  For I- concentrations below 80 µg/L, the catalytic reduction 
method may be applied (Clersceri, 1998b).  This method suffers from interferences by 
noncatalytic forms of iodine such as IO3-, hypoiodous acid (HOI), hypoiodite (OI-), and I2 
as well as from the presence of silver and mercury which make this method undesirable 
for samples containing multiple iodine species (Clersceri, 1998b).  The voltammetric 
method is the most sensitive of the three methods with the capability to directly measure 
I- concentrations between 0.13 and 10.2 µg/L (Clersceri, 1998b).  The only significant 
interference to this method is the presence of sulfide, but the procedure does require that 
the sample be oxygen-free (Clersceri, 1998b).  For IO3- measurement the recommended 
method is the differential pulse polarographic method (Clersceri, 1998c).  This method is 
species-specific and highly sensitive (3 to 130 µg/L) (Clesceri, 1998c).  Interferences to 
the polarographic method include dissolved O2 and zinc(Clersceri, 1998c) .  Two 
methods are recommended for the determination of I2 concentrations: the leuco crystal 
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violet method and the amperometric titration method (Clersceri, 1998a).  The minimum 
detectable concentration for the leuco crystal violet method is listed as 10 Pg/L for I2.  
Interferences to this method include I-, Cl-, and oxidized forms of manganese (Clersceri, 
1998a). The amperometric titration method suffers from interferences by free chlorine, 
metallic cations, and IO3- in the presence of excess I- (Clersceri, 1998a).  Aside from the 
noted interferences and iodine species-specific limitations, these standardized methods 
generally suffer from labor-intensive and complex chemical preparations. 
  The EPA promotes a standard method for the detection and quantification of 
radioactive iodine (EPA Method 902.0) in drinking water.  The method involves the use 
of a stable IO3- carrier that is reduced to I- and added to an acidified drinking water 
sample.  The I- (both stable and radioactive) is then precipitated and counted using a beta 
or beta/gamma coincidence scintillation system.  The EPA method requires both labor- 
and time-intensive separations and precipitations which make it unsuitable for field 
application.  An additional drawback is the utilization of highly concentrated acids. 
 
Contemporary Methods for Stable and Radioactive Iodine Analysis 
Additional non-radiometric methods can be found in the literature, but these 
methods are generally limited by matrix incompatibility, analysis time, interferences, or 
economic restrictions that make them unavailable for many laboratories (Schwehr and 
Santchi, 2003).   Macours et al. (2008) have demonstrated the use of inductively coupled 
plasma mass spectrometry (ICP-MS) to measure urinary concentrations of iodine, as IO3-, 
with a detection limit of 4 µg/L and limit of quantification of 20 µg/L.   Problems 
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associated with the use of ICP-MS for the detection of 129I include low ionization 
efficiency which results in low sensitivity as well as isobaric and molecular ion 
interferences (Hou et al., 2009).   In addition, ICP-MS is generally unsuitable for field 
applications.   Recently, Schwehr and Santschi (2003) developed a method utilizing high-
performance liquid chromatography (HPLC) to quantify I-, IO3- and dissolved organic 
iodine.   However, their method does not account for dissolved concentrations of I2.  
Accelerator mass spectrometry (AMS) has also been used to measure ratios of radioactive 
129I to stable 127I in Japanese soils (Muramatsu et al., 2008).   The AMS detection limit 
was found to be approximately 2 µg/kg of soil.  However, the method required pre-
separation procedures prior to iodine measurement including volatilization at 1000oC, 
solvent extraction, and precipitation.  Fox et al. (2009) monitored iodine speciation in 
aqueous systems containing birnessite spectrophotometrically.   In their method, all 
species are essentially measured as I2 with I- and IO3- concentrations determined by 
difference after chemical reactions.  Detection limits were measured as 35 Pg/L for IO3-, 
63.5 Pg/L for I- and 127 Pg/L for I2.  Allard et al. (2009) used a combination of analytical 
methods to measure iodine speciation after interaction with birnessite as well.    Iodide 
concentrations were measured using an I- selective electrode, I2 was measured 
spectrophotometrically, and IO3- was measured by ion chromatography.  Finally, Hu et al. 
(2005) utilized a specialized ion chromatography method to investigate iodine speciation 
including I-, IO3-, and organic iodine after contact with sediments from the Hanford and 
Savannah River Sites. 
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Several non-standard radiometric methods have been utilized to quantify aqueous 
radioactive iodine (regardless of species).  However, as was the case for the standardized 
EPA method, these radiometric methods are insufficient for iodine speciation 
determination because they are sensitive only to the isotope-specific emitted radiation 
rather than to the chemical species containing the isotope.  These methods must be 
coupled with one or more analytical separation techniques in order for them to yield 
iodine speciation data.  As examples, Ashworth and Shaw (2006) describe the 
determination of spiked 125I activity in soil solutions by analysis with a well-type NaI(Tl) 
solid-state scintillation gamma detector, but do not describe the associated iodine 
speciation.   The authors do not specify detection limits, but soil solution concentrations 
below 0.5 Bq/mL (0.08 Pg/L) were reported.   Kaplan et al. (2011) utilized high purity 
germanium (HPGe) gamma detection and neutron activation analysis to measure aqueous 
129I desorbed from sediment with reported detection limits of 0.000127 Pg/L.  Additional 
experiments utilizing HPLC were used to determine individual I-, IO3-, and dissolved 
organic iodine concentrations in environmental waters after batch contact with various 
sediments.  Neutron activation analysis and accelerator mass spectrometry have been 
used in combination with an anion-exchange disk extraction for the measurement of 129I 
as well, but require extensive sample preparation and expensive equipment that may not 
be readily available in most labs (Suzuki et al., 2007).   Detection limits of 10-8-10-9 
(129I/127I ratio) and 10-14 (129I/127I ratio) were measured for the neutron activation analysis 
and accelerator mass spectrometry methods, respectively.    
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Radiochromatography 
An emerging and robust technique for the concentration of radionuclides is 
known as radiochromatography.  Radiochromatography is the process of making 
quantitative or qualitative determinations of radioactive substances by measuring the 
radioactivity of the appropriate chromatographic peaks in the chromatogram.  These 
techniques sequentially or simultaneously couple conventional chromatography methods 
such as ion exchange or solid phase extraction with scintillation detection to make 
measurements of radionuclides.  When these methods are coupled concurrently, it 
enables the simultaneous separation, concentration, and detection of the analyte of 
interest which reduces cost, labor, and waste compared to sequential techniques.  DeVol 
et al. (2001) have experimented with several extractive scintillating resin flow cells that 
utilize different combinations and configurations of extractants and scintillators for the 
separation and detection of 99Tc from aqueous solutions.  A key finding in their studies 
was a reduced detection efficiency (<17%) for flow-cells that utilized mixed-bed 
configurations of scintillator and extractant rather than a homogenous configuration of 
the extractive scintillating resin, which displayed detection efficiencies up to about 70% 
for 99Tc.  Egorov et al. (2006) observed a detection efficiency of 38% for 99Tc using a 
mixed bed column containing BC-400 scintillating beads and AG 4-X4 as the sorbent.  
Roane and DeVol (2002) utilized a TRU extractive scintillating resin in a flow cell to 
achieve sequential elution of a mixed actinide solution and to quantify actinide activity in 
real time.  They achieved absolute detection efficiencies ranging from 77% to 96.5% 
depending on the energy of the emitted D-particle and the level of quench introduced by 
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the matrix.  Link and Synovec (1999) developed an alternative method for the detection 
of 11C-labeled analytes using BC400 plastic scintillator and C14 media from Dionex for 
which they found limits of detection up to 50 times lower compared to flow-cell 
radiochromatography methods depending on the analyte.  Headrick et al. (2000) 
developed other effective radiochromatography materials in the form of chelating 
scintillation fibers specific for the measurement of 137Cs.  In their study commercially 
available scintillating fibers were coated with a class II (ion exchange/coordination) dual-
mechanism bifunctional polymer coating prior to batch contact with 137Cs-containing 
solutions.  Limits of detection down to 0.135 Bq/L were obtained.  A method developed 
by Schumann et al. (2005) utilized ion chromatography coupled with CsI(Tl) scintillation 
detection to measure aqueous 131I speciation in the form of I- and IO3-.   The authors 
noted that I2 can also be measured by including a pre-filter for I2 or organic iodine which 
can be subsequently eluted and reduced so that all iodine is in the form of I-.  The authors 
indicate an analytical range for this method of 20 to 50,000 Pg/L.  An activity-based  
detection limit is not indicated, but relatively high activities of 131I (200 kBq) were 
utilized in this study, and it is unclear as to whether their method could be applied to 
lower activity concentrations.  Additionally, this method fails to address potential I2 
volatilization from the pre-filter. 
Limitations in radiochromatography methods are typically due to loss of 
scintillating material, chemical and color quenching, extractant selectivity, and non-
uniform photon sensitivity of photomultiplier tubes.  Seliman et al. (2011) attempted to 
address these limitations by designing a scintillating ion exchange resin with high 
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selectivity for TcO4- and a polymeric surface coating to prevent leaching of the 
scintillator.  Figure 1.2 shows a schematic of the resin synthesis.  In their work it was 
discovered that N-methyldi-n-octylamine (MDOA), a quaternary amine anion-exchange 
group when bonded to a resin, showed particular selectivity for TcO4- in the presence of 
counter anions commonly present in groundwater.  Their observation was in confirmation 
of the work completed by Bonnesen et al. (2000) in which increasing the length of the 
alkyl chains of a quaternary amine anion-exchange group increased the sorption 
selectivity of the resin for TcO4-. 
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Figure 1.2: Schematic of scintillating anion-exchange resin preparation (Seliman et al., 
2011) 
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Solid Phase Extraction 
 Solid phase extraction (SPE) is an analytical technique for separating and 
concentrating analytes of interest.  In a typical SPE process an aqueous phase is passed 
through a column of resin or a membrane disk that has been functionalized to remove or 
sorb the desired analyte (Fritz, 2000).  Solid phase extraction has gained popularity as an 
analytical preconcentration technique due to its relatively fast process time and its 
potential for attaining greater concentration factors (1000 or more) relative to alternative 
techniques such as liquid-liquid extraction (Fritz, 2000).  Additionally, SPE can be 
utilized for multiple analyte separations provided a reasonable difference in the 
extractability of the components (Fritz, 2000).   
 While solid phase extraction is often applied to the separation of organic 
compounds, SPE can also be utilized to separate and concentrate iodine, namely I2.  
Arena et al. (2002) utilized polystyrene-divinylbenzene disks that were impregnated with 
poly(vinylpyrrolidone) (PVP) to remove and hold aqueous I2.  While the polystyrene-
divinylbenzene disk was sufficient to remove the I2 from solution, the PVP was necessary 
to prevent I2 volatilization from the disk.  After extraction, these SPE disks were analyzed 
colorimetrically to determine the I2 concentration in the sample.  Addition of oxone to the 
sample to oxidize I- to I2 allowed for the determination of I- concentration in the sample 
by difference as well.  Using this method, the authors showed rapid analysis (~30 s 
extraction followed by a 2 s reflectance measurement) of aqueous samples with 
concentrations ranging from 500 to 4500 Pg/L. 
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Liquid Scintillation Counting 
 Liquid scintillation counting (LSC) is an analytical method whereby a sample 
containing radioactive material is combined with a liquid scintillator.  Interaction of the 
dissolved radioactivity and the scintillator solution results in the emission of light which 
is collected by photomultiplier tubes.  For alpha- and beta-emitting radionuclides, the 
dissolution of the sample results in the potential for 100% or nearly 100% counting 
efficiency.  Such disadvantages as attenuation through a detector window, sample self-
absorption, and beta backscattering are also avoided with the method (Knoll, 2000).  The 
technique has the additional advantage of being readily available in many labs (Zulauf et 
al., 2010).  The primary challenges associated with liquid scintillation counting are poor 
energy resolution, chemical luminescence, and the introduction of color or chemical 
quench which interferes with the energy transfer process.   
 As beta-emitting radionuclides with moderately energetic beta emissions, 129I and 
131I are ideally suited for analysis by LSC.  Zulauf et al. (2010) utilized liquid scintillation 
counting to measure activities of 36Cl and 129I after separating the isotopes via an 
extraction chromatography process.  Liquid scintillation counting has also been 
investigated as a bioassay technique in the event of a nuclear accident or incident.  Hou 
(2011) used LSC to measure 129I in urine following anion-exchange preconcentration and 
extraction.  Finally, Verrezen and Hurtgen (1992) have measured 129I and 99Tc activities 
in liquid samples by LSC following an involved concentration, elution, and extraction 
method. 
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Research Objectives 
 
 The overriding motivation of this dissertation is the detection, measurement, and 
analysis of aqueous 129I with iodine speciation in environmental systems at or below the 
EPA MCL of 0.4 Bq/L.  The approach to the goal involved the development of a 
scintillating anion-exchange resin and the subsequent coupling of that resin with solid 
phase extraction and liquid scintillation counting to design a rapid and readily available 
method appropriate for analyzing multiple radioactive iodine species in environmental 
samples.  The developed method was subsequently applied to the analysis of radioactive 
iodine transformations in the presence of a potential subsurface mineral.  The research for 
the dissertation project was divided into three sections, with each successive section 
building upon the previous section.  The framework of each section is described below: 
 
Section 1: Develop a scintillating anion-exchange resin preferential for I- by 
functionalizing a scintillating resin with a strong base anion-exchange 
group (quaternary amine) containing long alkyl chains (MDOA).  The 
resin will be incorporated into a flow-cell scintillation detector that is 
suitable for continuous, on-line monitoring of environmental 129I 
concentrations at or below 0.4 Bq/L in aqueous streams.   
 
 The measurement and analysis of radioactive iodine is particularly problematic 
due to its long half-life and typically low environmental concentrations.  These 
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challenges are particularly significant from a regulatory perspective for which the Safe 
Drinking Water Act limits aqueous 129I concentrations to an MCL of 0.4 Bq/L.  The 
objective of the work was to synthesize a scintillating anion-exchange resin appropriate 
for the preferential and simultaneous separation, concentration, and detection of 
radioactive I- in aqueous samples.  Following synthesis, the resin was characterized in 
terms of loading efficiency, detection efficiency, capacity, sorption kinetics, and potential 
interferences.  The synthesized resin was incorporated into an on-line 
radiochromatography system with the potential for the detection of 129I at a concentration 
of 0.4 Bq/L. 
 
Section 2: Develop a novel method suitable for the determination of aqueous 
concentrations of radioactive iodine as I2, I-, and IO3- in environmental 
samples by coupling the developed scintillating anion-exchange resin 
with solid phase extraction and liquid scintillation counting. 
  
 The challenges associated with the measurement and analysis of environmental 
radioactive iodine concentrations are exacerbated by the redox active nature iodine.  
While organic iodine species are common in systems containing organic carbon, in the 
absence of organic carbon, three primary iodine species are commonly measured in the 
environment: I-, I2, and IO3-. However, there is no single method suitable for the 
measurement of all three species without time-consuming and labor-intensive pre-
separations, concentrations, and precipitations.  The objective was to incorporate the 
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synthesized scintillating anion-exchange resin and radiochromatography system into a 
novel method capable of relatively rapidly measuring aqueous concentrations of I-, I2, and 
IO3-.  The developed method involved coupling the radiochromatography system with 
solid phase extraction and liquid scintillation counting.  The efficacy of the method was 
determined by the analysis of standardized single-species aqueous iodine samples as well 
as multi-species aqueous iodine samples. 
 
Section 3: Utilize the developed iodine speciation method for the description of the 
transformation kinetics and speciation distribution of iodine in the 
presence of hausmannite in an aqueous system. 
 
 Subsurface transformations of iodine species in the presence of oxidizing minerals 
have been documented in the literature, with particular attention given to manganese 
minerals such as birnessite.  The objective was to assess the utility of the developed 
aqueous iodine speciation method for the analysis of the redox and sorption behavior of 
radioactive iodine in the presence of hausmannite.  Batch contact experiments utilizing 
aqueous 129I (as I-) and synthetic hausmannite were conducted with subsequent analysis 
of the resulting iodine speciation by the developed iodine speciation method.  Dissolution 
of the final solid phase and analysis with liquid scintillation counting allowed for the 
measurement of sorbed iodine as well.  Analysis of results at varied contact times and pH 
values allowed for the determination of the iodine transformation kinetics and pH-
dependence. 
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Overview 
 The following three chapters elucidate the experimental results and conclusions 
for the objectives described above.  Each chapter presents an individual paper addressing 
these objectives, and the order of presentation follows the order of the objective list.  
Chapter 2 describes the synthesis and characterization of a scintillating anion-exchange 
resin preferential for I- and its utilization in an on-line radiochromatography system.  A 
paper titled “On-line Detection of Radioactive Iodine in Aqueous Systems through the 
use of Scintillating Anion-Exchange Resin” by K. Grogan and T.A. DeVol has been 
published in Analytical Chemistry.  Chapter 3 describes the design, calibration, and 
evaluation of a novel method for measuring aqueous radioactive iodine speciation.  A 
paper titled “Development of a Novel Method for the Determination of 129I Speciation” 
by K.Grogan and T. A. DeVol has been prepared for submission to Environmental 
Science & Technology.  Chapter 4 describes the application of the developed speciation 
method to the analysis of iodine species transformations and reaction kinetics in the 
presence of hausmannite.  A paper titled “Investigation of Interactions of Aqueous Iodine 
with Hausmannite (Mn3O4)” by K. Grogan, T. A. DeVol, and B. A. Powell has been 
prepared for submission to The Journal of Environmental Radioactivity.  The final 
chapter presents summary conclusions and implications of the described work as well as 
potential future research pursuits.  Supporting information, data, and analyses not 
presented in the text of the chapters are presented in the appendices. 
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CHAPTER 2 
ON-LINE DETECTION OF RADIOACTIVE IODINE IN AQUEOUS SYSTEMS 
THROUGH THE USE OF SCINTILLATING ANION-EXCHANGE RESIN 
 
Abstract 
 
The objective of this research was to develop a scintillating anion-exchange resin 
selective for monitoring 129I at concentrations at or below ~ 0.4 Bq/L.  Iodine-129 is one 
of the primary long-term risk-drivers and contaminants associated with nuclear waste 
sites is.  Synthesis of scintillating anion-exchange resin consisted of diffusing a fluor, 2-
(1-naphthyl)-5-phenyloxazole, into a chloromethyl polystyrene resin.  The resultant 
scintillating resin was modified by amination with N-methyldi-n-octylamine to serve as 
an anion-exchange group.  Radiochromatography columns were prepared with the 
synthesized resin for use in a variety of flow-cell experiments utilizing a standard 129I 
solution in a synthetic groundwater to determine the properties (selectivity, interferences, 
loading efficiency, kinetics, capacity, and detection efficiency) of the resin.  Column 
effluents were quantified by liquid scintillation.  Average loading and detection 
efficiencies have been measured at 91±9% and 50±4%, respectively.  Finally, batch 
sorption studies indicated fast I- sorption rates (90% loading in ~10 min) for the resin, 
and dynamic sorption tracer studies indicated an I- capacity of approximately 7,800 Pg/g 
at 10% breakthrough.  
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Introduction 
 
 With the progression of the nuclear industry, the detection and measurement of 
radionuclides has become increasingly important.  Of particular importance is the 
monitoring of nuclear waste disposal sites.  Iodine-129 is one of the primary long-term 
risk-driving contaminants associated with nuclear waste sites.1   Iodine-129 is beta-
emitting radionuclide (0.15 MeV) with a half-life of 1.57x107 years and a chain fission 
yield of 0.706%.  Iodine-129 is of particular concern for waste site monitoring due to its 
relatively high inventory in nuclear waste from its production as a fission product.1 The 
risk incurred from 129I exposure is additionally increased by the tendency of iodine 
species to accumulate in the thyroid.1  From the perspective of detection, the long half-
life and generally low environmental concentrations of 129I make it particularly difficult 
to detect in environmental systems.  Uncertainty surrounding the fate of 129I based on 
speciation, complexation, and sorption processes in aqueous environmental systems 
promotes additional difficulties for monitoring environmental 129I concentrations.  There 
are generally three iodine species of concern in environmental systems: iodide (I-), iodate 
(IO3-), and organic iodine.2  Stable iodine species generally occur in natural water 
systems at concentrations below 60 Pg/L.3,4  Iodide is expected to be the predominant 
iodine species in groundwater systems and at nuclear waste sites such as the Savannah 
River Site burial grounds where significant 129I plumes have been measured in 
groundwater.5 
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Standardized Method for Radioactive Iodine Measurement in Drinking Water 
 The Environmental Protection Agency (EPA) promotes a standard method for the 
detection and quantification of radioactive iodine species (EPA Method 902.0) in 
drinking water.6  The method involves the use of a stable IO3- carrier that is reduced to I- 
and added to an acidified drinking water sample.  The I- (both stable and radioactive) is 
then precipitated and counted using a beta or beta/gamma coincidence scintillation 
system.  The method requires both labor- and time-intensive separations and 
precipitations which make it unsuitable for field application.  Additional drawbacks 
include the utilization of highly concentrated acids and interference from stable I- present 
in the drinking water. 
 The EPA Safe Drinking Water Act sets a maximum contaminant level (MCL) for 
beta-emitters, such as 129I at 4 mrem/yr.  For 129I, the MCL is equivalent to a 
concentration of ~0.4 Bq/L based on a daily intake of 2.2 L of water and using the most 
recent dose conversion factor for 129I ingestion (1.06x10-7 Sv/Bq) from Federal Guidance 
Report 13.7 
 
Radiochromatography 
Radiochromatography is the process of making quantitative or qualitative 
determinations of radioactive substances by measuring the radioactivity of the 
appropriate zone in the chromatogram.  These techniques sequentially or simultaneously 
couple liquid chromatography methods with scintillation detection to make measurements 
of radionuclides.  Sequential radiochromatographic techniques have been hindered by 
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relatively high minimum detectable activities due to the low detector volume, short 
counting times, and the necessity for separation and subsequent detection.8 Conversely, 
scintillating ion exchange and scintillating extractive resins have often been utilized in 
simultaneous radiochromatography techniques for the detection of radionuclides with the 
advantage of increased sensitivity relative to sequential methods.8-11 Incorporating these 
resins in flow-cell columns have the additional advantage of allowing separation, 
concentration, and detection in a single analytical step which reduces cost, labor, and 
waste compared to sequential techniques for analyzing environmental radioactivity 
concentrations.10  DeVol et al. have experimented with several extractive scintillating 
resin flow cells that utilize different combinations and configurations of extractants and 
scintillators for the separation and detection of 99Tc from aqueous solutions.10  A key 
finding in their studies was a reduced detection efficiency (<17%) for flow-cells that 
utilized mixed-bed configurations of scintillator and extractant rather than a homogenous 
configuration of the extractive scintillating resin, which displayed detection efficiencies 
up to about 70% for 99Tc.  Egorov et al. observed a detection efficiency of 38% for 99Tc 
using a mixed bed column containing BC-400 scintillating beads and AG 4-X4 as the 
sorbent.12  Roane and DeVol utilized a TRU extractive scintillating resin in a flow cell to 
achieve sequential elution of a mixed actinide solution and to quantify actinide activity in 
real time.8  They achieved absolute detection efficiencies ranging from 77% to 96.5% 
depending on the energy of the emitted D-particle and the level of quench introduced by 
the matrix.  Link and Synovec developed an alternative method for the detection of 11C-
labeled analytes using BC400 plastic scintillator and C14 media from Dionex for which 
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they found limits of detection up to 50 times lower compared to flow-through 
radiochromatography methods depending on the analyte.13 Headrick et al. developed 
other effective radiochromatography materials for the measurement of 137Cs in the form 
of chelating scintillation fibers.14  In their study commercially available scintillating 
fibers were coated with a class II dual-mechanism bifunctional polymer coating prior to 
batch contact with 137Cs-containing solutions.  Limits of detection down to 0.135 Bq/L 
were obtained.   
Limitations in radiochromatography methods are typically due to loss of 
scintillating material, chemical and color quenching, extractant selectivity, and non-
uniform photon sensitivity of photomultiplier tubes.  Seliman et al. attempted to address 
these limitations by designing a scintillating ion exchange resin with high selectivity for 
TcO4- and a polymeric surface coating to prevent leaching of the scintillator.15  In their 
work it was discovered that N-methyldi-n-octylamine (MDOA), a quaternary amine 
anion-exchange group when bonded to a resin, showed particular selectivity for TcO4- in 
the presence of counter anions commonly present in groundwater.  Their observation was 
in confirmation of the work completed by Bonnesen et al. in which increasing the length 
of the alkyl chains of a quaternary amine anion-exchange group increased the sorption 
selectivity for TcO4- on the resin.16 
The objective of this research is to develop a scintillating anion-exchange resin 
preferential for I- by functionalizing a scintillating resin with a strong base anion-
exchange group (quaternary amine) containing long alkyl chains (MDOA).  This resin 
will be incorporated into flow-cell scintillation detector that is suitable for continuous, 
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on-line monitoring of environmental 129I concentrations at or below 0.4 Bq/L in aqueous 
streams.   
 
Experimental Section 
 
Scintillating Anion-Exchange Resin Preparation 
 The synthesis of scintillating anion-exchange resin consisted of two steps.  First 
0.8 g of the fluor, 2-(1-naphthyl)-5-phenyloxazole (D-NPO) (Alfa Aesar, scintillation 
grade, 99.9%) was dissolved in 100 mL of toluene.  A 10 g mass of chloromethyl 
polystyrene resin cross-linked with 2% divinyl benzene (TCI, 100-200 mesh) was then 
added to the toluene solution with stirring to allow the resin to swell and the D-NPO to 
diffuse into the resin over a period of ~24 hrs.  The resultant scintillating resin was heated 
in an oven at 55oC to remove the toluene solvent.  After drying, 1 g of resin was added to 
10:1 mixture of N,N’-dimethyl formamide (Alfa Aesar, 99.9%) and MDOA (TCI 
America) and then heated in a water bath with stirring at 60oC for 3 h.  The procedure, 
including the selection of MDOA as the anion-exchange group, was chosen due to the 
observed selectivity of MDOA for the similarly large and monovalent TcO4- anion by 
Seliman et al.15 The resultant aminated resin was then separated from the solution by 
filtration and washed with 1 M HCl.  After washing, the resin was allowed to air dry. 
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Radiochromatography Columns Preparation 
 For the preparation of radiochromatography columns ~0.05 g of scintillating 
anion-exchange resin was added to fluorinated ethylene propylene (FEP) tubing (0.15875 
cm inner-diameter and 0.3175 cm outer-diameter) bound by glass wool to prevent loss of 
the resin during flow-cell experiments.  The pore volume of the fabricated columns was 
approximately 0.06 cm3 with a column length of about 5.5 cm configured in a U-shape 
geometry to fit in the active volume of the detector.  A E-RAM Radio-HPLC model 3 
scintillation detector (IN/US Systems, Inc.) was utilized for on-line quantification of the 
129I in the flow-cells.  The scintillation data were acquired and integrated by the APTEC 
Model 5004 MCA program in multi-channel scaling mode (which generates response-
over-time chromatograms) and in real time pulse height spectra.  The region of interest 
for the pulse height spectra was set from channel 100 to 8192. 
 
Flow-cell Experiments 
Flow-cell experiments were conducted by first conditioning the column with a 
synthetic groundwater prepared according to Smith et al.17  The synthetic groundwater 
contained approximately 16 ppm Ca 2+, 4.6 ppm Na+, 23.5 ppm K+, 48.8 ppm HCO3-, 
21.3 ppm Cl-, and 9.6 ppm SO42-.  The composition represents environmentally relevant 
concentrations of the components.  The synthetic groundwater was pumped at a rate of 
approximately 0.5 mL/min using a peristaltic pump.  After 10 minutes, pumping was 
paused and a 10 minute pulse height spectrum was collected for the wetted column.  
Column conditioning with the synthetic groundwater was resumed at 0.5 mL/min for 40 
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minutes.  A chromatogram (60 seconds per channel) was also initiated to establish a 
background count rate for the column prior to exposure to radioactive I-.  A 5-mL 
synthetic groundwater solution spiked with radioactive 129I (in the form of I-) was loaded 
(1.4 Bq/mL).  Iodine-129 originated from a 0.97 PCi standard in the form of I- (Eckert & 
Ziegler Analytics).  During and after the activity loading phase the column effluent was 
collected in ~5 mL aliquots in plastic liquid scintillation vials for subsequent analysis by 
liquid scintillation counting.  The column was washed with synthetic groundwater and 
the chromatogram was stopped and saved after washing.  A final 10 minute pulse height 
spectrum was then collected for comparison to the initial wetted column pulse height 
spectrum and for calculation of a net count rate change on the column.  A 5-mL aliquot of 
the synthetic groundwater that was not passed through the column was taken as a blank 
effluent sample.  This blank and the other collected effluent samples were counted using 
a Wallac 1415 (PerkinElmer) liquid scintillation counter with 15 mL of Ultima Gold AB 
liquid scintillation cocktail (PerkinElmer).  The pulse height spectra generated prior to 
and after the loading of 129I were used as an off-line evaluation of column performance.  
The chromatogram generated during eluent loading was used as an on-line evaluation of 
column performance.  
A total of seven columns were made with four batches of aminated resin to 
investigate and characterize the resin performance.  All columns were prepared from the 
same batch of scintillating resin.  The use of these seven different columns allowed for 
examination of inter-column consistency as well as consistency between different batches 
of aminated resin.  Columns 1, 2, and 3 were fabricated from Batch A of aminated resin.  
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Columns 4 and 5 were fabricated from amination Batch B.  Column 6 was fabricated 
from amination Batch C, and Column 7 was fabricated from amination Batch D.  Each 
column was used in two, three, or four flow-cell tests to evaluate resin performance and 
consistency with repeated use.   
 Several measures were used to characterize the efficacy of the scintillating anion-
exchange resin.  The loading efficiency of the column with a pump rate of 0.5 mL/min 
for trials in which the amount loaded was well below the static capacity of the resin was 
determined by the measured activity in the column effluent as shown in Equation 2.1: 
( )l l eff
l
l l
C V A
C V
H                          Eq. 2.1 
where Hl is the loading efficiency for a given column or the fraction of total sample 
activity retained on the column, Cl is the loaded activity concentration (Bq/mL), Vl is the 
loaded activity volume (mL), and Aeff is the measured activity in the effluent eluted from 
the column during the loading and washing phases based on a 96% detection efficiency 
for the liquid scintillation counting system (Bq).  The value of Hl could be adversely 
affected by increases in pump rate or in the amount loaded 
The activity in the column effluent was determined as the sum of the net activities 
measured in each collected effluent aliquot.  Detection efficiency was determined as 
shown in Equation 2.2: 
  
lll
net
d VC
CR
HH                            Eq. 2.2 
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where Hd is the detection efficiency and CRnet is the difference in the count rates (cps) 
measured on the column by the pulse height spectra collected prior to 129I loading and 
after washing, respectively.   
 
Off-line Flow-cell Optimization 
 The parameters of these flow-cell tests (counting time and pump volume) were 
optimized for off-line analysis based on the desired minimum detectable concentration 
(MDC).  The MDC was defined using the Currie equation18 shown in Equation 2.3: 
2.71 4.65 B
d l l
N
MDC
t VH H
               Eq. 2.3 
where NB is the number of counts in the background, t is the counting time (s), and Vl is 
the load volume (L).  The MDC was set at 0.4 Bq/L (the Safe Drinking Water Act limit 
for 129I based on the FGR 13 dose conversion factor).  The system was optimized by 
minimizing the total time (count time + pumping time) necessary to achieve the requisite 
MDC.  The calculation was made by varying the counting time and the corresponding 
volume that would need to be pumped at 0.5 mL/min to detect a concentration of          
0.4 Bq/L.  The minimum of the sum of the counting time and pumping time was chosen 
as the optimum condition.  The results of the theoretical optimization of pumping and 
counting time were then tested experimentally with a synthetic groundwater solution 
containing 0.4 Bq/L 129I as I-. 
 
 
 36 
Column Elution 
 The ability to elute I- from the MDOA columns was investigated by washing a 
column previously loaded with 129I with 4 M HNO3.  Approximately 35 mL (~700 pore 
volumes) of 4 M HNO3 was pumped through the column at approximately 0.5 mL/min.  
Column effluent was collected in 5 mL aliquots and analyzed by liquid scintillation 
counting.  The activity on the column was monitored by a chromatogram.  The procedure 
was repeated for a different column previously loaded with 129I and pumping about 700 
pore volumes of a ~1000 µg/mL solution of NO3- as NaNO3 at 0.33 mL/min. 
 
Kinetics of Iodide Sorption to Resin 
The kinetics of I- sorption onto the scintillating anion-exchange resin were 
determined using batch sorption experiments.  Approximately 0.01 g of resin was added 
to 10 mL of a solution containing 0.8515 Bq/mL of 129I (1:1000 solid-to-liquid ratio).  
The plastic vials were placed on a rotary shaker at 125 rpm for varying contact times: 1, 
5, 30, and 60 minutes.  After shaking for the allotted time, the solid phase was filtered 
(Whatman 40 ashless filter paper) from each mixture and the aqueous phase analyzed 
using 15 mL of Ultima Gold AB liquid scintillation cocktail (PerkinElmer) and a Wallac 
1415 (PerkinElmer) liquid scintillation counter.  Final aqueous phase concentrations of 
129I were determined for each of the contact times to determine the sorption rate.  One 
vial was prepared without resin and was placed on the shaker for 1 hour prior to being 
filtered into a separate vial for counting.  The control sample confirmed negligible 
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sorption to the plastic vials and filter. A blank sample consisting of 5 mL of synthetic 
ground water was included as well.  
 
Dynamic Capacity of Resin  
 The sorption capacity of the resin for I- was measured using a dynamic sorption 
tracer experiment.  A column loaded with aminated resin was inserted into the E-RAM 
Radio-HPLC scintillation detector and wetted with approximately 5 mL of distilled 
deionized water.  A solution containing 115 Pg/ml I- including 0.45 Bq/mL 129I tracer (in 
the form of I-) was pumped through the column at 0.5 mL/min.  Column effluent was 
collected in 2 mL fractions.  These fractions were analyzed by liquid scintillation 
counting to determine the tracer concentration using a Wallac 1415 liquid scintillation 
counter.  Final aqueous phase concentrations of the tracer were used to develop an I- 
breakthrough curve for the column.  The dynamic capacity of the resin at a flow rate of 
0.5 mL/min was calculated as shown in Equation 4 as adapted from Bhut et al.19. 
( )i Break Pore
d
C V Vq
m
          Eq. 2.4 
where qd is the sorption capacity of the resin (Pg/g), Ci is the initial aqueous phase 
concentration of I- (Pg/mL), VBreak is the breakthrough volume at an effluent 
concentration of 10% of Ci (mL), VPore is the pore volume of the column (mL), and m is 
the mass of the resin in the column (g).  Along with this, a static capacity can be derived 
from the breakthrough curve by fitting the curve and calculating the area above the curve, 
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A.  The derived static capacity can then be calculated as shown in Equation 5 adapted 
from Qu et al.20. 
i
s
C Aq
m
                                   Eq. 2.5 
where qs is the derived static capacity (Pg/g).  The area above the curve was determined 
by fitting and integrating the breakthrough curve and subtracting that area from the total 
area of the plot. 
 
Interference to Iodide Uptake 
 Flow-cell tests were completed to identify possible interferences to I- uptake by 
common aqueous environmental components and to account for variations in aquifer 
compositions compared to the synthetic groundwater solution.  These flow-cell tests were 
completed as described previously except that interference solutions were utilized to 
condition, load, and wash the columns.  Specifically, interference solutions contained 
approximately 1000 µg/mL of Cl- (0.03 M), HCO3- (0.02 M), SO42- (0.01 M), and NO3- 
(0.02 M), respectively.  Solutions containing 100 µg/mL of SO42- (0.001 M)and NO3- 
(0.002 M), respectively, were also utilized as well as a 200 µg/mL HCO3- (0.004 M) 
solution.  These analytes were chosen because they are common anions found in natural 
waters. 
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Results and Discussion 
 
Table 2.1 gives a summary of the radiochromatography analyses completed with 
the scintillating anion-exchange resin in the synthetic groundwater matrix.  Average 
values with standard deviations are given.  The flow-cell tests presented in Table 2.1 
were designed to examine the resin performance with regards to radioactive I- exchange 
and detection in synthetic groundwater, as well as to investigate variability among 
columns and among batches of aminated resin.  Individual columns were not regenerated 
between uses.  The overall average loading efficiency (Hl) was measured as 91 ± 9%, and 
the overall average detection efficiency (Hd) was measured as 50 ± 4%.  Sources of 
experimental error include variations in packing density, column positioning in the 
detector, and counting error.  The average loading and detection efficiencies for repeated 
tests of individual columns are listed in Table 2.1.  All average loading efficiencies for 
these repeated tests fell within 9% of the overall average which was considered within the 
limits of experimental error.  All average detection efficiencies fell within 7% of the 
overall average.  Average loading and detection efficiencies for columns made from 
individual amination batches are listed as well.  All average loading efficiencies for these 
individual batches of resin fell within 8% of the overall average while average detection 
efficiencies fell within 1% of the overall average.  Based on these results, the processes 
of resin amination and column fabrication were shown to be relatively consistent and 
repeatable.  Because all measured column and batch averages were within 10% of the 
overall averages, the overall averages are considered to be representative of general  
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Table 2.1: Summary of Flow-Cell Tests Loading ~7 Bq of 129I  
Column Amination 
Batch 
N* Column 
$YJİl (%) 
Column 
$YJİd (%) 
Batch           
$YJİl (%) 
Batch           
$YJİd (%) 
1 A 3 92 ± 11 49 ± 1   
2 A 2 91 57   
3 A 3 100 ± 1 51 ± 1 95 ± 7 51 ± 4 
4 B 3 84 ± 15 50 ± 3   
5 B 2 83 48 83 ± 12 49 ± 3 
6 C 4 91 ± 9 49 ± 4 91 ± 9 49 ± 4 
7 D 3 98 ± 2 49 ± 4 98 ± 2 49 ± 4 
*Number of flow-cell tests competed with individual columns 
 
column performance.  Details of individual trials are included chronologically in 
Appendix A. 
Representative background and 129I pulse height spectra after a flow-cell test in a 
groundwater matrix are shown in Figure 2.1.  Error bars in Figure 2.1 and all subsequent 
figures represent +/- 1 standard deviation in counting error.  As illustrated by the figure, 
the beta continuum is evident compared to the background spectrum even after column 
washing which indicates successful retention of 129I.  A comparison of 129I loading with 
and without the MDOA functionality is shown in Figure 2.2.  The count rate increases to 
a peak as I- is pumped into the column, but rapidly decreases again as the I- is being 
washed out of the column.  The result indicates a failure of the resin to retain the 
radioactive I- without the addition of MDOA.  The results from the flow-cell test can be 
contrasted with a test performed with an MDOA-containing scintillating resin.  For the  
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Figure 2.1: Ten minute pulse height spectra collected before (background) and after 
pumping 7 Bq 129I (as I-) through a scintillating anion-exchange column containing 
MDOA in a synthetic groundwater matrix at 0.5 mL/min. 
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Figure 2.2: Comparison of radioactive I- uptake by resins with MDOA (7 Bq pumped) 
and without MDOA (438 Bq pumped) in a synthetic groundwater matrix followed by 
washing with synthetic groundwater.  Region A: Pumping synthetic ground water, 
Region B: Pumping radioactive I- solution 
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aminated resin the count rate plateaus, rather than coming to a peak, and does not 
decrease as the column is continually washed with synthetic groundwater which indicates 
retention of radioactive I-.   
The flow-cell system was theoretically optimized to achieve an operational MDC 
of 0.4 Bq/L with a minimum total pumping time and counting time.  For off-line 
detection of a 129I concentration of 0.4 Bq/L and a minimum background count rate of 1 
cps, the system was optimized with a counting time of 3.71 hr and a pump volume of 
approximately 222 mL.  Given a pumping rate of 0.5 mL/min, the optimization resulted 
in a total analysis time of approximately 11.11 hr.  These values of counting and pumping 
time were based on the average loading efficiency of 91% and the average detection 
efficiency of 50% described above.  Experimentally, pumping the optimized volume of 
0.4 Bq/L solution and counting for the optimized time resulted in a net count rate that 
was not significantly different from the background.  The result is likely due to below 
average column performance in terms of loading efficiency as that value was subject to 
greater variability.  For the same aqueous concentration with a background count rate of 
1 cps and an average detection efficiency of 50%, theoretical detection of an increase in 
the on-line profile would require the concentration of approximately 2 L based on the 3-V 
method.   
Partial column elution was achieved by washing a column containing previously 
loaded 129I with 4 M HNO3 at 0.5 mL/min as shown in Figure 2.3.  Note the initial 
increase in count rate is attributed to chemical luminescence generated as the HNO3 was 
pumped into the column.  The attribution to chemical luminescence was supported by a  
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Figure 2.3: Column elution of 129I with 4 M HNO3 and ~1000 Pg/mL NO3- (as NaNO3).  
Region A: No pumping, Region B: Pumping 4 M HNO3 or NO3- 
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subsequent experiment in which 4M HNO3 was pumped through a column not previously 
loaded with 129I for which a similar increase in the count rate from background levels was 
observed.  Approximately 1.7 Bq of 129I was measured in the HNO3 effluent which was 
equivalent to a 25% recovery of the activity initially loaded on the column.  However, the 
HNO3 wash caused yellowing of the resin over time which would ultimately limit the 
reusability of that column.  Thus, 4M HNO3 was shown to be unsuitable for column 
regeneration.  For the column eluted with ~1000 Pg/L NaNO3 at 0.33 mL/min, 2.22 Bq of 
129I were recovered in the effluent which was equivalent to 12.5% of the 129I initially 
loaded on the column.  Subsequent visual inspection of the column showed no visible 
yellowing of the resin.  The low elution percentages observed for 700 pore volumes of  
HNO3 and NaNO3 are indications of the high degree of I- selectivity obtained by the 
developed resin and the greater relative ionic character of I- compared to NO3-. 21 
The results of the flow-cell experiments to describe I- uptake interferences from 
common aqueous environmental components are shown in Figure 2.4 with loading 
efficiencies displayed in the legend.  The trials with the anions utilized the same 
procedure as the previously discussed flow-cell tests except that the synthetic 
groundwater was replaced by a solution of ~1000 µg/mL of each anion, respectively.  
High concentrations (~1000 µg/mL) of NO3- and SO42- were found to interfere with the 
performance of the column by significantly inhibiting the loading efficiency for 
radioactive I-.  For ~1000 µg/mL NO3-, interference is indicated by the lack of significant 
increase in count rate despite the pumping of 129I solution.  The measured loading 
efficiency of 9% for the NO3- matrix was significantly below the average loading  
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Figure 2.4: Chromatograms generated by loading 129I in the presence of ~1000 Pg/mL 
NO3-, SO42-, Cl-, and HCO3- interference solutions, respectively, at 0.5mL/min.  Region 
A: Pumping interference solution, Region B: Pumping radioactive I- in interference 
solution 
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efficiency obtained for the synthetic groundwater solution of 91%.  Interference caused 
by SO42- is indicated by the lower net count rate (with approximately the same pumped 
activity of 129I solution) at which the plateau for SO42- occurs compared to the plateaus of 
the Cl- and HCO3- tests.  Again, the 40% loading efficiency measured for the SO42- 
matrix was significantly below the average loading efficiency obtained for the synthetic 
groundwater solution.  These results for NO3- and SO4-2 are expected for most quaternary 
amine anion-exchange processes as NO3- and SO42- are known to have very high relative 
ion exchange selectivity.21  Note that these concentrations are much higher than expected 
ambient concentrations in environmental systems, and no interferences from these anions 
were observed for concentrations of 10 Pg/mL or 100 Pg/mL as loading efficiencies of 
88% and higher were measured for these trials.  The results of these trials with lower 
NO3- and SO42- concentrations are given in Appendix A.  No measurable interference was 
observed from ~1000 Pg/mL concentrations of Cl- and HCO3-, respectively, as the 
measured loading efficiencies for these trials were greater than or equal to 0.85 compared 
to the overall average loading efficiency of 91%±9% for the trials with 129I- loaded in 
synthetic groundwater.  
Batch sorption experiments were used to determine the uptake kinetics of I- on the 
resin by adding a known concentration of 129I in synthetic groundwater to a given mass of 
resin and allowing them to contact for specified times at a solid-to-liquid ratio of 1:1000.  
The results of these experiments are shown in Figure 2.5.  As indicated in the figure, 90% 
of the aqueous I- was loaded onto the resin within 10 minutes.  Nearly 100% of the 
aqueous I- was loaded within 30 minutes at which point the aqueous phase concentration  
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Figure 2.5: Final concentrations of 129I (Bq/mL) in aqueous phase after various batch 
sorption contact times with developed scintillating MDOA resin using a 1:1000 solid-to-
liquid ratio 
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reached equilibrium.  These results are seemingly in contrast to the average loading 
efficiency of 91% observed in the flow-cell columns with an approximate aqueous phase 
residence time of only 7 seconds in the column.  However, the difference in these uptake 
efficiencies can be attributed to the higher solid-to-liquid phase ratio in the columns 
(approximately 1:1) compared to the batch experiments.  Similar results have been 
observed by Jia et al. when they compared batch and column ion exchange rates on a 
resin22.  Again, greater uptake efficiency was observed in their column experiments with 
a higher solid-to-liquid phase ratio compared to the batch experiments.  Haghsheno et al. 
have also observed that the rate of ion exchange processes is dependent on the sorbent 
concentration with higher sorbent concentrations generally resulting in greater ion 
exchange rates.23 Detailed experimental parameters and liquid scintillation counting data 
for these trials are included in Appendix A. 
A dynamic sorption tracer experiment was completed to determine resin capacity 
using a 129I (as I-) tracer in a solution of stable I- pumped at 0.5 mL/min.  Results of these 
experiments are shown in Figure 2.6.  As shown in the figure, 10% breakthrough was 
measured at approximately 3 mL.  This breakthrough volume is equivalent to a dynamic 
capacity of about 7,800 ug/g for the column shown as calculated by Equation 2.4.  
Similarly, a dynamic capacity of approximately16,000 Pg/g was measured at 50% 
breakthrough.  The static capacity derived from this experiment by Equation 2.5 based on 
the area above the curve is approximately 29,000 Pg/g or 0.23 meq/g.  This value 
represents 25% of the theoretical capacity based on 100% amination of the 0.9 meq/g 
chloromethyl sites on the initial chloromethyl polystyrene resin.  Other commercially-  
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Figure 2.6: Results of dynamic capacity tracer sorption experiments based on I- 
breakthrough 
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available anion-exchange resins such as Purolite A-850 and Sybron Ionac SR-6 have 
static exchange capacities of 3.9 and 1.8 meq/g, respectively.13  However, as noted above, 
the developed resin is limited by the concentration of chloromethyl sites present on the 
initial chloromethyl polystyrene resin that are available for amination with MDOA.  It is 
possible that the static exchange capacity of the developed resin could be increased to 
levels comparable to these commercially-available resins by increasing the concentration 
of the chloromethyl sites on the initial resin through the use of a chloromethylation 
procedure prior to amination. The capacity may also be increased by increasing the 
contact time of the I- solution with the developed resin by decreasing the column flow  
rate.  Detailed sample parameters and liquid scintillation counting data for the dynamic 
capacity study are included in Appendix A. 
The results presented here indicate that the developed resin is robust and capable 
of efficiently concentrating and detecting radioactive I- in aqueous environmental systems 
without labor- and time-intensive separations and precipitations.  As such, this method 
may be suitable for field application. 
 
Conclusions 
 
 The work presented here describes the development of a scintillating anion-
exchange resin suitable for the preferential concentration and detection of radioactive I- in 
aqueous systems.  The resin utilized D-NPO as a fluor and MDOA as an anion-exchange 
group.  The above results indicate that simultaneous separation from the aqueous phase, 
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concentration, and detection of 129I can be successfully achieved and implemented in 
field applications by utilizing the described scintillating anion-exchange resin system.  
The fabricated resin was utilized in a flow-cell scintillation detection system for which I- 
loading efficiencies were generally between 80 and 100% and detection efficiencies for 
129I were approximately 50%.  The resin was found to sorb 90% of the aqueous I- within 
10 minutes, and the dynamic capacity of the resin was measured as approximately 7,800 
Pg/g.  The utilization of this resin in the described flow-cell scintillation detection system 
provides an efficient method for the measurement of 129I in aqueous samples by 
achieving I- separation from the aqueous phase, concentration, and detection in a single 
step.  An MDC of 0.4 Bq/L is theoretically achievable with sufficient volume 
concentration and counting time. 
 
End Notes 
 Some minor modifications to the published article were made in this chapter.  
Figure 2.7 has been included below to illustrate the chemical structure of the MDOA 
scintillating anion-exchange resin. 
Batch contact studies were conducted as an additional measure of scintillating 
anion-exchange resin capacity.  Approximately 50 mg of resin was added to 20 mL 
plastic liquid scintillation (LSC) vials.  An 18-mL volume of stable I- solution 
(approximately 123 mg/L) was added to the vials along with a 2-mL tracer volume of 6.7 
Bq/mL 129I solution (as I-).  The mixture was then placed on a shaker for 1 hour.  The 
aqueous phase was filtered into a new LSC vial, and a 5-mL aliquot was transferred into 
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a third LSC vial.  A 15-mL volume of Ultima Gold AB liquid scintillation cocktail was 
added to the aliquot prior to analysis by liquid scintillation counting for 30 minutes.  The 
solid phase concentration of I- on the resin was determined as shown in Equation 2.6: 
( )
s
i f aqC C V
mq
                               Eq. 2.6 
where sq  is the static capacity of the resin (Pg/g), iC is the initial aqueous I- 
concentration (Pg/mL), fC  is the final aqueous phase concentration of I- (Pg/mL), aqV  is 
the total aqueous phase volume (mL), and m  is the resin mass (g).  Based on these trials, 
the static capacity of the resin was determined to be 21,000 Pg/g.  This value is lower 
than the static capacity of 29,000 Pg/g derived from the dynamic trials.  However, this 
difference may be attributed to the difference in the equilibrium concentration of the 
batch trials, ~12 Pg/mL, compared to the feed concentration in the dynamic trials of ~115 
Pg/L.  A full adsorption isotherm would need to be measured in order to determine at 
what concentration the plateau region occurs in order to compare the differing values of 
static capacity. 
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CHAPTER 3 
DEVELOPMENT OF A NOVEL METHOD FOR THE DETERMINATION  
OF 129I SPECIATION 
 
Abstract 
 
 The objective of this research was to develop a method suitable for the 
determination of aqueous concentrations of radioactive iodine as I2, I-, and IO3- at 
environmental levels.  As one of the primary risk-drivers and contaminants of concern at 
nuclear waste repositories, the accurate determination of 129I in aqueous systems is of 
significant concern.  The redox-active nature of iodine makes its mobility and fate in the 
environment difficult to predict, thus underscoring the importance of species-specific 
determination of iodine concentrations.  The method coupled solid phase extraction with 
liquid scintillation counting and scintillating anion exchange for a sequential 
measurement of each iodine species.  Solid phase extraction disks were impregnated with 
polyvinylpyrrolidone for the selective extraction and stabilization of I2 with subsequent 
analysis by liquid scintillation counting.  Aqueous I- was concentrated and measured by a 
previously developed flow-cell system utilizing scintillating anion-exchange resin.  A 
subsequent chemical reduction of IO3- to I- in the effluent was used to quantify IO3- by 
the same flow-cell system.  Nearly quantitative results were found for standardized 
single-species samples of I2 (92%), I- (102%), and IO3- (91%), respectively, while 
consistent measurements were obtained for multi-species samples using the developed 
method and algorithm.   
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Introduction 
 
 Iodine is a stable and naturally occurring element that is generally found in 
natural water systems at concentrations of 60 Pg/L or less.1,2,3  However, fallout from 
nuclear testing and byproducts of nuclear power generation have resulted in several 
sources of anthropogenic radioactive iodine in the environment, particularly 129I and 131I.  
Iodine-131 is a beta-emitting (0.606 MeV) isotope that is usually considered a short-term 
concern due to its short half-life of 8.04 days.  Iodine-129 is a beta-emitting radionuclide 
(0.15 MeV) with a half-life of 1.57x107 years and a chain fission yield of 0.706%.  The 
high inventory of 129I at nuclear waste sites coupled with its long half-life generally make 
129I one of the primary risk drivers for nuclear waste repositories.4  The tendency for 
iodine to accumulate in the thyroid increases the risk incurred from exposure to 129I and 
131I.5   
As an additional challenge, iodine is known to be a redox-active element capable 
of existing in several different oxidation states in environmental systems including           
-1, 0, and +5.  As a result, uncertainty surrounding the speciation and fate of iodine in the 
environment promotes difficulty in monitoring iodine concentrations.  There are 
generally three inorganic iodine species of concern in the environment: iodide (I-), iodate 
(IO3-), and molecular iodine (I2).  Iodide is expected to be the predominant inorganic 
iodine species in groundwater systems and at nuclear waste sites such as the Savannah 
River Site burial grounds where significant 129I plumes have been measured in 
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groundwater.5 However, iodine species transformations to I2 and IO3- in the presence of 
common subsurface minerals have been documented throughout the literature.5-9  
The Safe Drinking Water Act sets a maximum contaminant level (MCL) for beta-
emitters, such as 129I, at 4 mrem/yr which is regulated by the Environmental Protection 
Agency (EPA).  For 129I, the MCL is equivalent to a concentration of ~0.4 Bq/L based on 
a daily intake of 2.2 L of water and using the most recent dose conversion factor for 129I 
ingestion (1.06x10-7 Sv/Bq) from Federal Guidance Report 13.10  The Department of 
Energy sets an even lower limit at 1 pCi/L (~0.04 Bq/L) based on an older dose 
conversion factor from the International Council on Radiation Protection (ICRP) 
Publication 30.10, 11  From a risk assessment and compliance perspective, the ultimate fate 
and transport of 129I in the environment will depend largely on its speciation, thus 
underscoring the importance of developing a method capable of quantifying each 129I 
species in an efficient and economical manner. 
 
Standardized Methods for Aqueous  Iodine Measurement 
The standardized method for measuring aqueous radioactive iodine (EPA Method 
902.0) was discussed in Chapter 2.11   This chapter will present standardized methods for 
aqueous stable iodine measurement.  The American Water Works Association (AWWA) 
lists several standard methods for the quantification of iodine species in water, though no 
individual AWWA method is suitable for the measurement of all of the various iodine 
species that may be present in an environmental sample.1  Methods for the quantification 
of I- in aqueous systems include the leuco crystal violet method, the catalytic reduction 
 59 
method, and the voltammetric method.2  The leuco crystal violet method has a lower limit 
of detection of 50 µg/L and an upper limit of 6,000 µg/L for I-.2  However, chloride 
concentrations above 200 mg/L can significantly interfere with this method.2  For I- 
concentrations below 80 µg/L, the catalytic reduction method may be applied.2  The 
method suffers from interferences by noncatalytic forms of iodine such as IO3-, 
hypoiodous acid (HOI), hypoiodite (OI-), and I2 as well as from the presence of silver and 
mercury which make the method undesirable for samples containing multiple iodine 
species.2  The voltammetric method is the most sensitive of the three methods with the 
capability to directly measure I- concentrations between 0.13 and 10.2 µg/L.2  The only 
significant interference to the method is the presence of sulfide, but the procedure does 
require that the sample be oxygen-free.2  For IO3- measurement the recommended method 
is the differential pulse polarographic method.3  The method is species-specific and 
highly sensitive (3 to 130 µg/L).3  Interferences to the method include dissolved O2 and 
zinc.3  Two methods are recommended for the determination of I2 concentrations: the 
leuco crystal violet method and the amperometric titration method.1  The minimum 
detectable concentration for the leuco crystal violet method is listed as 10 Pg/L for I2.  
Interferences include I-, Cl-, and oxidized forms of manganese.1 The amperometric 
titration method suffers from interferences by free chlorine, metallic cations, and IO3- in 
the presence of excess I-.1 
 
 
 
 60 
Contemporary Methods for Aqueous Radioactive and Stable Iodine Measurement 
Several non-standard radiometric methods have been utilized to quantify aqueous 
radioactive iodine (regardless of species).  However, as was the case for the standardized 
EPA method, these radiometric methods alone are insufficient for iodine speciation 
determination because they are sensitive only to the isotope-specific emitted radiation 
rather than to the chemical species containing the isotope.  These methods must be 
coupled with one or more analytical separation techniques for them to yield iodine 
speciation data.  As examples, Ashworth and Shaw describe the determination of spiked 
125I activity in soil solutions by analysis with a well-type NaI(Tl) scintillation gamma 
detector, but do not describe the associated iodine speciation.13  The authors do not 
specify detection limits for this method, but soil solution concentrations below 0.5 Bq/mL 
(0.08 Pg/L) were reported.13  Kaplan et al. utilized neutron activation analysis to measure 
aqueous 129I desorbed from sediment with reported detection limits of 0.000127 Pg/L.5  
Additional experiments utilizing high performance liquid chromatography (HPLC) were 
used to determine individual I-, IO3-, and dissolved organic iodine concentrations in 
environmental waters after batch contact with various sediments.  Neutron activation 
analysis has been used in combination with an anion-exchange disk extraction for the 
measurement of 129I as well, but the method requires extensive sample preparation and 
expensive equipment that may not be readily available in most labs.14  A detection limit 
of 10-8-10-9 (129I/127I ratio) for the neutron activation analysis method.14  A final method 
developed by Schumann et al. utilized ion chromatography coupled with CsI(Tl) 
scintillation detection to measure aqueous 131I speciation in the form of I- and IO3-.15  The 
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authors noted that I2 can also be measured by including a pre-filter for I2 or organic 
iodine which can be subsequently eluted and reduced so that all iodine is in the form of I-.  
The authors do not indicate the minimum detectable activity for this method, and 
relatively high activities of 131I (200 kBq) were utilized in this study.  It is unclear as to 
whether the method could be applied to lower activity concentrations.  Additionally, the 
method fails to address potential I2 volatilization from the pre-filter. 
Additional non-radiometric methods can be found in the literature, but these 
methods are generally limited by matrix incompatibility, analysis time, interferences, or 
economic restrictions.16  Macours et al. have demonstrated the use of ICP-MS to measure 
urinary concentrations of iodine, as IO3-, with a detection limit of 4 µg/L and limit of 
quantification of 20 µg/L.17  Problems associated with the use of ICP-MS for the 
detection of 129I include low ionization efficiency which results in low sensitivity as well 
as isobaric and molecular ion interferences.18  In addition, ICP-MS is generally unsuitable 
for field applications.   Recently, Schwehr and Santschi developed a method utilizing 
HPLC to quantify I-, IO3- and dissolved organic iodine.16 However, their method does not 
account for dissolved concentrations of I2.  Accelerator mass spectrometry (AMS) has 
also been used to measure ratios of radioactive 129I to stable 127I in Japanese soils.19   The 
AMS detection limit was found to be approximately 2 µg/kg of soil.  However, this 
method required pre-separation procedures prior to iodine measurement including 
volatilization at 1000oC, solvent extraction, and precipitation.  An alternative method 
using AMS with an anion-exchange disk extraction was found to have a detection limit of 
10-14 (129I/127I ratio).14 Fox et al. monitored iodine speciation in aqueous systems 
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containing birnessite spectrophotometrically.6 In this method, all species are essentially 
measured as I2 with I- and IO3- concentrations determined by difference after chemical 
reactions.  Detection limits were measured as 35 Pg/L for IO3-, 63.5 Pg/L for I- and      
127 Pg/L for I2.  Allard et al. used a combination of analytical methods to measure iodine 
speciation after interaction with birnessite as well.7   Iodide concentrations were 
measured using an I- selective electrode, I2 was measured spectrophotometrically, and 
IO3- was measured by ion chromatography.  Finally, Hu et al. utilized a specialized ion 
chromatography method to investigate iodine speciation including I-, IO3-, and organic 
iodine after contact with sediments from the Hanford and Savannah River Sites.20 
 
Novel Coupled Method for Radioactive Iodine Speciation Analysis 
A method for the extraction of I2 from aqueous systems has been developed by 
Arena et al.21   Their method utilizes commercially available styrenedivinylbenzene solid 
phase extraction disks that have been impregnated with polyvinylpyrrolidone (PVP).  
While the styrene disks themselves are sufficient to remove the I2 from the aqueous phase 
due to its tendency to sorb to organic material, the PVP serves to bind and retain the I2 on 
the disk for subsequent analysis.  This modification stabilizes the I2 on the disk and 
alleviates issues that may arise from I2 volatilization.  The authors describe rapid and 
exhaustive removal of I2 from the aqueous phase up to a capacity of ~1 mg for a 13 mm 
diameter disk.  Detection limits were reported between 0.1 and 5.0 mg/L. 
Chapter 2 described the development of an alternative radiochromatography 
method for selectively and quantitatively removing and measuring radioactive I- in 
 63 
aqueous systems.22   This method utilizes an I--selective scintillating anion-exchange 
resin composed of a polystyrene base infused with 2-(1-naphthyl)-5-phenyloxazole       
Į-NPO) as the fluor and functionalized with N-methyldi-n-octylamine (MDOA) as the 
anion-exchange group.  Average loading and detection efficiencies of 91±9% and 
50±4%, respectively, were obtained for 129I (as I-) using the method.  For a 10-minute 
counting time, the minimum detectable activity for the measurement was 0.4 Bq. The 
dynamic column capacity of the MDOA resin was found to be 7,800 Pg/g at 10% 
breakthrough.  
To summarize, there are a variety of contemporary methods that have been 
applied to the analysis of both stable and radioactive iodine in environmental samples.  
These methods are generally limited by time- and labor-intensive sample preparations 
and precipitations.  A number of these methods are also restricted by high analytical 
limits or the need for generally cost-prohibitive instrumentation that is not available in 
most laboratories.  Finally, a number of these methods are insufficient for the 
determination multiple iodine species. 
This chapter describes a method for quantifying the three primary species of 
radioactive iodine (I-, I2, and IO3-) in aqueous systems through the coupling of the iodine 
species-specific separation and measurement techniques described by Arena et al.21 and 
Grogan and DeVol22, respectively.  The overall method includes the utilization of the 
MDOA scintillating anion-exchange resin as part of a radiochromatography system as 
well as the PVP-impregnated solid phase extraction disks specific for I2 in conjunction 
 64 
with liquid scintillation counting.  The final method allows for direct quantification of 
radioactive I- and I2 and subsequent quantification of radioactive IO3- after reduction to I-.  
 
Experimental Section 
 
Iodine-129 Source 
Iodine-129 originated from a 0.97 PCi NIST-traceable standard in the form of I- 
(Eckert & Ziegler Analytics).   
 
Scintillating Anion-Exchange Resin Preparation 
 The synthesis of scintillating anion-exchange resin is described in Grogan and 
DeVol.21  Briefly, a fluor, 2-(1-naphthyl)-5-phenyloxazole (D-NPO) (Alfa Aesar, 
scintillation grade, 99.9%) was dissolved in toluene and diffused into chloromethyl 
polystyrene resin cross-linked with 2% divinyl benzene (TCI, 100-200 mesh). The 
resultant scintillating resin was filtered and added to a 10:1 mixture of N,N’-dimethyl 
formamide (Alfa Aesar, 99.9%) and MDOA (TCI America).  The resultant aminated 
resin was then separated from the solution by filtration and washed with 1 M HCl.  After 
washing, the resin was allowed to air dry. 
 
Radiochromatography Columns Preparation 
 For the preparation of radiochromatography columns ~0.05 g of scintillating 
anion-exchange resin was added to fluorinated ethylene propylene (FEP) tubing (0.15875 
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cm inner-diameter and 0.3175 cm outer-diameter) bound by glass wool to prevent loss of 
the resin during flow-cell experiments.  The pore volume of the fabricated columns was 
approximately 0.06 cm3 with a column length of about 5.5 cm configured in a U-shape 
geometry to fit in the active volume of the E-RAM Radio-HPLC model 3 scintillation 
detector (IN/US Systems, Inc.).  The Radio-HPLC scintillation detector was utilized for 
on-line quantification of the 129I in the flow-cells.  The scintillation data were acquired 
and integrated by the APTEC Model 5004 MCA program in multi-channel scaling mode 
(which generates response-over-time chromatograms) as well as pulse height spectra.  
The region of interest for the pulse height spectra was set from 24 mV to 10 V (channel 
20 to 8192).  Columns were conditioned with 25 mL of synthetic groundwater (pumped 
at 0.5 mL/min) prior to use. 
 
PVP-impregnated Solid Phase Extraction Disk Preparation 
 The fabrication of modified solid phase extraction disks capable of selectively 
extracting and holding I2 is described in Arena et al.21 Briefly, 47 mm EmporeTM 2240 
styrenedivinylbenzene solid phase extraction disks (SDB-XC) were mounted in a glass 
vacuum filtration apparatus.  A 10 mL methanol/water (50/50 v/v) solution containing   
30 g/L of PVP (Sigma-Aldrich, average molecular weight: 10,000g) was filtered through 
the disk to coat it through size exclusion at the surface.  Excess solution was removed 
from the disk by pulling a vacuum for an additional two minutes. 
 
 
 66 
Iodide Oxidation to Molecular Iodine 
 Oxidation of I- to I2 was carried out by the following reaction23: 
 
2I- (aq) + 2Ce4+(aq) Æ 2Ce3+(aq) + I2(aq)                       Eq. 3.1 
 
Solutions of 129I (as I-) were pulled into a glass syringe containing 9 mL of an aqueous 
solution  acidified with HCl to a pH of approximately 0.7 and containing excess 
Ce(IV)(SO4)2 (Aldrich Chemical Company, Inc.).  The solutions were mixed briefly by 
hand in the syringe with subsequent analysis immediately following mixing. 
 
Iodate Reduction to Iodide 
 Reduction of IO3- to I- was carried out by the following reaction23: 
 
IO3-(aq) + 3HSO3-(aq) Æ 3SO42-(aq) + I-(aq) + 3H+(aq)            Eq. 3.2  
 
Effluent from the first load of the scintillating anion-exchange column was collected in a 
20 mL plastic vial.  Excess solid NaHSO3 (Fisher Scientific, Certified ACS) was then 
added to the sample and mixed briefly by hand.  This procedure was modified from the 
method described in Zhang et al.24 
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Iodine Speciation Analysis 
 Analysis of iodine speciation was completed for 10-mL aqueous samples as 
shown in Figure 3.1. These volumes were composed of distilled deionized water (DDI) 
spiked with variable concentrations of iodine in the form of I-, I2, and IO3-.  Samples  
contained a total activity of ~14 Bq (211 Pg/L iodine) for radioactive samples or     
12,700 Pg/L samples containing stable iodine species. 
The aqueous iodine species were vacuum filtered through a PVP-impregnated 
SDB-XC solid phase extraction disk to remove the I2.  Excess moisture was removed 
from the disk by allowing the vacuum to filter for an additional two minutes.  The disk 
was then removed from the vacuum filtration apparatus and inserted coiled face in into a 
20-mL plastic liquid scintillation vial.  A 20-mL volume of Ultima Gold AB liquid 
scintillation cocktail was added to the vial and the disk was analyzed by liquid 
scintillation counting for 1 hour on a Wallac Model 1415 liquid scintillation counter.  
 Effluent from the solid phase extraction procedure was collected and pumped 
through an MDOA scintillating anion-exchange column in the E-RAM Radio-HPLC 
model 3 scintillation detector as described previously.  Pumping was performed at 
approximately 0.5 mL/min.  An additional 10 mL of synthetic groundwater was pumped 
through the column to ensure that the entire sample volume passed through the column, 
and to wash out any IO3- that may have been retarded in the column.  Initial and final 10-
minute pulse height spectra of the column were collected to obtain a net count rate 
increase on the column.  The value reflected the 129I activity present in the sample as I-.  
The column effluent was collected and acidified to a pH of about 2.2 with HCl.  An  
 68 
 
 
Figure 3.1: Method for radioactive iodine speciation analysis.  ICP-MS measurements of 
the initial sample, effluent 1, effluent 2, and effluent 3 were made for samples containing 
stable IO3- and stable mixed-species samples 
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excess of solid NaHSO3 was added to the acidified effluent to reduce all IO3- to I- as 
indicated in Equation 3.2.  The modified effluent was placed on a shaker for 1 hour and 
then pumped through the same radiochromatography column at approximately 0.5 
mL/min.  An additional 10 mL of synthetic groundwater was pumped through the column 
to ensure that the entire effluent volume passed through the column and to reduce the 
chemical luminescence generated by the acidic sample.  A 10-min pulse height spectrum 
was collected after washing and was compared to the final pulse height spectrum 
collected for the initial I- removal to obtain a net count rate.  The net count rate 
represented the 129I activity in the effluent that was initially present as IO3-.  Inherent 
advantages in the method include the lack of time- and labor-intensive chemical 
preparations or precipitations as well as the utilization of relatively common and 
inexpensive analytical instrumentation compared to other standard and contemporary 
methods. 
For standardized single-species samples (i.e. samples containing a known 
concentration of iodine as only a single species) of I- and I2, the iodine was present as 
radioactive 129I.  Analysis of these samples was carried forward radiometrically as 
prescribed by the developed method.  The 129I was initially in the form of I- and was 
oxidized to I2 as necessary by Equation 3.1.  For standardized single-species samples of 
IO3-, the iodine was added as an aliquot of a stock solution of KIO3 (containing stable 
127I) due to the strong oxidants required to quantitatively generate IO3- from the I- present 
in the 129I source.  These strong oxidants interfere with the final reduction of IO3- to I- 
prescribed by the developed method.  Because the stable iodine species cannot be 
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detected by the radiometric methods employed in the developed method, analysis was 
carried out by ICP-MS (Instrument: Thermo Scientific, X Series 2; Software: Thermo 
Fisher Scientific, PlasmaLab, version 2.5.11.321).  For these stable iodine samples, 0.1 
mL aliquots of effluent were taken after each separation step in the developed method 
and diluted 100 times and analyzed for remaining iodine concentration.  The difference in 
iodine concentration before and after disk extraction was taken to be iodine removed as 
I2.  The difference in iodine concentration before and after the first column separation 
was taken to be iodine removed as I-.  Finally, difference in iodine concentration before 
and after the second column separation was taken to be IO3-.  The remainder was 
designated as effluent.   
Based on the results of three standardized single-species samples for each of the 3 
iodine species (for a total of nine samples), a deconvolution algorithm was developed to 
apply to the initial results of the developed method.  This algorithm was designed to 
account for any non-quantitative determinations of each species assuming that all 
standardized solutions were stable over the timeframe of their use.  The algorithm was 
based on a system of equations describing the probability of measuring each iodine 
species given the actual concentrations present in the standardized single-species 
samples.  The deconvolution algorithm is analogous to triple-label counting techniques 
utilized to determine individual activities of radionuclides in samples containing a 
mixture of three radionuclides.   As an example, a triple-label counting technique for a 
mixture of 32P, 33P, and 35S involving a triple exponential mathematical fit to counting 
data has been used to determine individual isotope activities.25   For the current work, the 
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deconvolution algorithm could be compared to triple-label counting technique for 
samples containing a mixture of the three iodine species. 
The average measured percentage of each iodine species for each type of 
standardized single-species sample was determined and normalized to the average total 
percentage of iodine measured in each sample type, respectively.  These normalized 
percentages were utilized as coefficients in a matrix system of equations to describe the 
probability of measuring each iodine species in each sample type as shown below: 
 
2 1 2 3 2,
4 5 6 ,
3 7 8 9 3 ,
I I actual
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       Eq. 3.3 
 
where CI2,actual and CI2 are the actual and measured I2 concentrations for a sample, 
respectively; CI-,actual and CI- are the actual and measured I- concentrations for a sample, 
respectively; and CIO3-,actual and CIO3- are the actual and measured IO3- concentrations for a 
sample, respectively.  For the coefficient matrix, n1 through n3 represent the probability 
of measuring I2 in 100% I2, I-, and IO3- solutions, respectively; n4 through n6 represent the 
probability of measuring I- in 100% I2, I-, and IO3- solutions, respectively; and n7 through 
n9 represent the probability of measuring IO3- in 100% I2, I-, and IO3- solutions, 
respectively.  The coefficient matrix was subsequently inverted so that the resulting 
values would describe the actual percentage of each iodine species given the measured 
percentage of each species for a given sample.  The appropriate inverse coefficients were 
applied to subsequent measurements for each iodine species as shown below: 
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ICP-MS measurements as described above were utilized to analyze stable iodine 
concentration changes for samples containing known mixtures of the three iodine species 
as well.  Again, the oxidants required to generate a mixed-species sample containing I-, 
I2, and IO3- from the 129I- source would interfere with the method. The correction-
algorithm was applied to these samples in completion of the method. 
 
Column Breakthrough Analysis 
 Column breakthrough was investigated as part of the characterization of the 
detection limits for this method.  Prior to loading with 129I (as I-), a new MDOA column 
was conditioned as described previously.  An additional 5 mL of synthetic groundwater 
was pumped through the column and collected as a blank sample.  A 350 mL volume of 
synthetic groundwater spiked with 129I to a concentration of 140 Bq/L was pumped 
through the column at 0.5 mL/min.  Column effluent was collected in 5 mL fractions in 
20 mL plastic liquid scintillation vials.  A 15 mL volume of Ultima Gold AB liquid 
scintillation cocktail was added to each effluent vial and to the blank sample.  Samples 
were counted for one hour on a Wallac Model 1415 liquid scintillation counter.   
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Results and Discussion 
 
 The developed method was evaluated by testing its performance for aqueous 
samples containing a single iodine species at known concentration.  This evaluation was 
based on the percentage of each sample that was measured as the iodine species known to 
be present in the samples. Table 3.1 shows the results of the method performance for 
standardized single-species samples.  A summary of individual sample trials and example 
calculations are included in Appendix B.  Three trials each were completed for I2, I-, and 
IO3- samples, respectively.  For each sample type, the method successfully identified the 
species present as the majority species.  This is particularly true for samples containing 
only I2 or I-, as an average of 96% and 93% of the iodine present was identified as these 
species, respectively.  Consequently, non-significant concentrations were measured for 
the remaining species and in the effluent.  Note that effluent concentrations for can 
largely be attributed to column loading efficiencies that average 91% as described in 
Grogan and DeVol.22   For samples containing only IO3-, a smaller majority percentage of 
about 79% was consistently measured over three trials.  For I2 samples, measured effluent 
concentrations are thought to be a result of chemical luminescence from the acidic nature 
of the final effluent and low-level counting issues.  The acidic nature of the final column 
solution is also expected to cause some I- to be leached from the column which would 
account for some of the measured effluent concentrations. 
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Table 3.1: Summary statistics for standardized single-species samples 
 
Sample N
1 I2 (%) I
- (%) IO3
- (%) Effluent (%) Mass Balance (%)
100% I2 3 96±4 1±1 1±1 9±9 107±10
100% I- 3 2±1 93±9 5±5 0±0 101±7
100 % IO3
- 3 0.3±0.3 15±11 79±8 8±5 100±0  
 
1 Number of trials completed for each sample type 
 
The primary interference for IO3- samples occurs as IO3- is being measured as I- 
during the first column separation.  The interference is likely due to retardation of IO3- on 
the anion-exchange column (as opposed to semi-permanent sorption), especially in the 
absence of strongly competing analytes such as I-, NO3-, or SO42-.  Larger column washes 
after loading may be utilized to alleviate this issue at the expense of longer sample 
processing times.  Effluent concentrations for IO3- samples may also be attributed to the 
average column loading efficiency of 91%.  In all cases, an average mass balance of at 
least 100% was measured which indicates non-significant loss of the iodine species 
during the separation and transfer processes associated with the developed method. 
 As part of the developed method a deconvolution algorithm was developed.  The 
algorithm was developed to correct for non-quantitative determination of each species, 
especially IO3-, due to loading efficiency, chemical luminescence, and IO3- retardation 
processes.  The results of the trials with standardized single-species samples were utilized 
for the development of the algorithm which utilizes a linear system of equations.  The 
final effluent concentrations were not utilized in the development of the algorithm.  These 
equations were applied to the measured concentrations for a given sample to derive a 
more accurate value for the actual concentration of each species.  The system of 
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equations was derived using the average measured values for each of the three iodine 
species from three trials each of the standardized single-species samples of I2, I- and IO3- 
shown in Table 3.1.  These values were used to generate the preliminary matrix system of 
equations shown in Equation 3.3.  The inverse of this preliminary system of equations 
thus equated the actual concentration of each species in a sample to the measured 
concentrations from the method as shown in Equation 3.4.  The resulting final system of 
equations utilized for the deconvolution algorithm is shown below in Equation 3.5.   
 
2, 2
,
3 , 3
1.0206 0.0221 0.0042
0.0090 1.0866 0.2068
0.0121 0.0644 1.2023
I actual I
I actual I
IO actual IO
C C
C C
C C
 
 
ª º ª º ª º
« » « » « »   u« » « » « »
« » « » « » ¬ ¼ ¬ ¼¬ ¼
 Eq. 3.5 
 
It is reasonable to hypothesize that the coefficient matrix may vary to some degree with 
changes in the relative concentrations I- and IO3- do to the effects of competition for 
anion-exchange sites.  However, the expectation that I- will significantly out-compete 
IO3- for sorption on this resin should mitigate this variable.  Also note the algorithm was 
developed under the assumption that IO3- concentrations in the standardized single-
species samples were stable over the timeframe of the experiments (~1 month).  It is 
unclear as to whether or not this assumption is appropriate based on thermodynamic 
considerations which indicate the predominant species should be I- at normal 
environmental conditions.5 These considerations not withstanding, concentrations of less 
than 1 PM I- (representing < 1% of the total iodine) were measured in the 10-4 M IO3- 
stock solution over a 6 month time period using an I- selective electrode, thus indicating 
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IO3- stability.  However, an increase in the relative I- concentration over time was 
observed in the raw data (i.e. without application of the deconvolution algorithm) for 
standardized single-species IO3- samples using the developed method as shown in    
Figure 3.2.  Future work will address this issue in greater detail.  However, if the 
assumption of IO3- stability in the stock solution is incorrect, the expectation that at least 
a small percentage of the anionic IO3- in an aqueous sample would be retained on the 
anion-exchange column would remain.  Thus the likely result of the algorithm application 
to a mixed-species sample would be an over estimation of IO3- and an under estimation of 
I-, especially for samples with relatively high IO3- concentrations. 
 Nine additional standardized single-species samples (three for I2, three for I-, and 
three for IO3-) were utilized as test cases for the developed algorithm.  The results for 
these nine test case standardized single-species samples, including measured and 
algorithm-corrected values, are shown in Table 3.2.  Additionally, Table 3.3 the data 
from Table 3.2 and lists the average and standard deviation for the algorithm-corrected 
data to facilitate direct comparison with Table 3.1.  The comparison of the data in Tables 
3.1 and 3.3, respectively, illustrates that the application of the correction-algorithm 
results in comparable or better accuracy and precision for each sample type.  The 
observation is particularly true for IO3- samples.   The method was evaluated with five    
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Figure 3.2: Measured IO3- and I- concentrations in IO3- stock solution over time using 
developed method 
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Table 3.2: Application of method-correction algorithm for trial samples 
 
Sample# Description I2 (%) I
- (%) IO3
- (%) Effluent (%) Mass Balance (%) I2 (%) I
- (%) IO3
- (%)
1 100% I2 86 2 1 5 94 88 1 0
2 100% I2 94 1 0 3 98 96 0 -1
3 100% I2 100 1 1 3 105 102 0 0
4 100% I- 2 90 0 1 93 0 98 -6
5 100% I- 1 98 2 11 112 -1 106 -4
6 100% I- 1 92 8 1 102 -1 98 4
7 100% IO3
- 0 15 77 8 100 0 0 92
8 100% IO3
- 0 18 78 5 101 0 3 93
9 100% IO3
- 0 26 74 1 101 0 13 87
Measured Algorithm-Corrected
 
 
 
 
Table 3.3: Summary statistics for algorithm-corrected single-species samples 
 
Sample I2 (%) I
- (%) IO3
- (%) Sum (%)
100% I2 95±7 0±1 0±1 96±7
100% I- -1±1 101±5 -2±5 98±5
100% IO3
- -0.1±0.1 6±7 91±3 96±4  
 
 
 
 
multi-species samples containing variable concentrations of all three iodine species.  The 
results for these samples are included in Table 3.4.  Due to the redox activity and 
uncertain nature of the interactions of multiple iodine species with each other a standard 
sample containing a mixture of the three iodine species cannot be made.  It was not 
expected that the initially added distributions of iodine species would be stable over time.  
Therefore, the primary metric for method evaluation for these samples was consistency 
among the results.  Samples 1, 2, and 3 were derived from the same stock solution and 
were analyzed consecutively.  This stock initially contained aqueous iodine in the  
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Table 3.4: Application of algorithm-corrected method to multi-species samples 
 
Sample# I2 (%) I
- (%) IO3
- (%) Sum (%)
1 10 93 -4 100
2 9 94 -4 100
3 8 95 -4 100
4 18 78 4 100
5 15 69 14 98
Measured, Algorithm-Corrected
 
 
 
following distribution: 45% I2, 52% I-, and 4% IO3-.  For these samples the final iodine 
distribution was measured to be on average 9±1% I2, 94±1% I-, and 0±0%  
IO3- for an average total mass balance of 100±0%.  Method consistency is indicated by 
the small standard deviations measured for each component in these three samples.  
These first 3 samples also seem to indicate a gradual reduction of I2 to I- with time.  
Samples 4 and 5 were derived from a second stock solution and were analyzed  
consecutively.  These samples contained larger relative concentrations of I2 and IO3- 
compared to I-.  The initial distribution of iodine in this stock was as follows: 60% I2, 
17% I-, and 23% IO3-.  As was observed for the standardized single-species samples, 
larger concentrations of IO3- seem to result in greater variation in method performance.  
For these samples the final iodine distribution was measured to be on average 16% I2, 
73% I-, and 9% IO3- for an average total mass balance of 99%.  Again, these samples 
indicate a general reduction of I2 and or IO3- to I-.   
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 The detection limits for the method are governed by the detection limits of the 
individual steps in the process.  For radioactive I2, the disk was counted by liquid 
scintillation counting.  Using the Currie equation with the background count rate, a 
counting time of one hour, and a detection efficiency of 0.92, the minimum detectable 
activity (MDA) on the disk is 0.08 Bq.26   Based on this MDA, concentration of 0.250 L 
of solution filtered through the PVP-impregnated disk would result in detection limits of 
0.32 Bq/L.  The I2 capacity of the disk is ~9.5 mg (~62 kBq as 129I) based on 
extrapolation of the reported capacity of ~1 mg for a 13-mm diameter disk by Arena et al. 
up to the 40-mm treated area utilized here.20   The minimum detectable concentration of 
0.32 Bq/L represents 80% of the Safe Drinking Water Act MCL of 0.4 Bq/L (as 129I2) as 
noted previously.     
For radioactive I- and IO3- on the column the MDA was determined based on the 
background count rate, a counting time of one hour, and a detection efficiency of 0.47.26  
These parameters resulted in a calculated MDA of 0.17 Bq.  Concentration of 0.250 L of 
solution on the column would result in a detection limit of 0.68 Bq/L.  The value 
represents 170% of the Safe Drinking Water Act MDC of 0.4 Bq/L (as 129I- or 129IO3-).  
These limits may be reduced and optimized by increasing the counting time as desired.    
Also, column breakthrough studies have indicated the ability to concentrate 
approximately 0.235 L of synthetic groundwater with a 129I- concentration of 140 Bq/L 
(21 Pg/L) and below at ~25% breakthrough.  Column breakthrough curves at a range of 
concentrations are shown in Figure 3.3.  Detailed liquid scintillation counting data for 
these column breakthrough studies are included in Appendix B.  Applying 25% 
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Figure 3.3: MDOA column breakthrough curves for a range of I- concentrations. Activity 
concentrations are as follows: 0.02 Pg/L is equivalent to 140 Bq/L 129I-; 0.11 Pg/L is 
equivalent to 690 Bq/L 129I- ; 115 Pg/L is equivalent to 720,000 Bq/L 129I- load solution                  
 
*The 6 Pg/L data was collected using a Tri-Carb 2910 TR Liquid Scintillation Analyzer 
(S/N:118319) and a counting time of 3 hours per sample 
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breakthrough at 0.250 L results in an MDC of 0.85 Bq/L, a factor of two greater than the 
Safe Drinking Water Act MCL of 0.4 Bq/L.  Increasing the resin mass and length of the 
column while maintaining the same linear density would increase the breakthrough 
volume.  The addition of these modifications would allow the concentration of a larger 
sample size and reduce the minimum detectable concentration.     
 
Conclusions 
 
 The work presented here describes the development of a novel method for 
aqueous radioactive iodine speciation (I2, I-, and IO3-) analysis.  The developed method 
coupled the use of a PVP-impregnated solid phase extraction disk for the separation of I2 
with a previously developed flow-cell column containing scintillating anion-exchange 
resin suitable for the preferential separation of I-.  The method was determined to provide 
nearly quantitative measurement of aqueous radioactive I2, I-, and IO3- in single-species 
samples.  Determination of aqueous IO3- concentrations was less efficient and hindered 
by greater interference due to its retardation on the column, but application of a 
correction-algorithm improved the accuracy and precision of this method for the IO3- 
species in single-species samples.  The utility of this method for measuring and 
identifying multiple aqueous iodine species has significant implications for analyzing the 
ultimate fate and transport of iodine in the environment and could play an important role 
in future risk assessments.  The calculated detection limits were within an order of 
magnitude of the Safe Drinking Water Act MCL of 0.4 Bq/L. 
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CHAPTER 4 
 
INVESTIGATION OF THE REDOX AND SORPTION BEHAVIOR OF AQUEOUS 
IODINE IN THE PRESENCE OF HAUSMANNITE (Mn3O4) 
 
Abstract 
 
 An investigation of the redox and sorption behavior of aqueous iodide (I-) in the 
presence of hausmannite was undertaken.  Batch contact studies were completed with 129I 
(as I-) over a range of pH values and contact times.  Aqueous iodine speciation was 
determined by application of a novel method coupling solid phase extraction, 
radiochromatography, and liquid scintillation counting.  The sorption behavior of iodine 
with the mineral was also measured.  Results for samples at pH 3 indicated initially rapid 
oxidation of I- to I2 followed by subsequent oxidation of I2 to IO3-.  Increased sorption of 
iodine was also observed with increasing IO3- concentrations.  The redox and sorption 
behavior was observed to be highly pH dependent as very little transformation of I- was 
measured above pH 3.  The data were also used to model the kinetics of the observed 
oxidation and sorption with first-order Bateman equations. 
 
Introduction 
 
The high inventory of 129I at nuclear waste sites coupled with its long half-life 
generally make 129I one of the primary risk drivers for nuclear waste repositories.1   The 
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tendency for iodine to accumulate in the thyroid increases the risk incurred from 
exposure to 129I.1 As an additional challenge, iodine is known to be a redox-active 
element capable of existing in several different oxidation states in environmental systems 
including -1, 0, and +5.  As a result, multiple iodine species are commonly encountered 
in the environment including iodide (I-), molecular iodine (I2), iodate (IO3-), and organic 
iodine compounds. While I- is expected to be the predominant iodine species in 
groundwater systems and at nuclear waste sites, the I- in these plumes has the potential to 
be transformed to oxidized iodine species by the action of oxidizing minerals.2-6   
Oxidation of aqueous I- to I2 and IO3- in the presence of common subsurface 
minerals, and, in particular, manganese oxide minerals such as birnessite, has been 
documented throughout the literature.2-6   The oxidation of I- by manganese oxides is 
expected to be thermodynamically favorable up to approximately pH 7.4.3   The 
sequential balanced and pH-dependent redox reactions for the coupling of I- and 
birnessite (Mn2O4) are shown below: 
 
OHMnIHOMnI aqaqsaq 2)(
2
)(2)(42)( 42284 o   Eq. 4.1 
OHMnIOHOMnI aqaqsaq 2)(
2
)(3)(42)(2 222 o 
  Eq. 4.2 
 
Fox et al. utilized batch contact studies of I- in the presence of birnessite to 
observe a two-step reaction in which I- was oxidized to IO3- with I2 as an intermediate 
species.3   A first-order reaction rate was observed with respect to I- concentration, pH, 
and birnessite concentration.  Allard et al. completed a similar study with synthetic 
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birnessite but obtained some contrasting results.4   Allard et al. observed similar oxidation 
of I- to IO3- through an I2 intermediate but determined a second-order reaction rate with 
respect to I- concentration and a first-order reaction rate dependence on birnessite 
concentration.  The study also noted negligible adsorption of iodine species on the 
birnessite at neutral pH.  Gallard et al. studied iodine species transformations with 
birnessite with and without the presence of natural organic matter (NOM) using an ion 
chromatography procedure.5  In the absence of NOM, Gallard et al. observed the same I- 
oxidation scheme to IO3- through an I2 intermediate as noted by the previous studies.  
However, when I- was in the presence of both birnessite and NOM, Gallard et al. 
measured adsorbable organic iodine at pH<7.  The presence of this organic iodine was 
attributed to the formation of I2 which subsequently reacted with the NOM.  Groundwater 
injections tests were completed by Fox et al., as well.6   In these studies, injection of I- 
into an oxic zone of an aquifer again resulted in oxidation to I2 and IO3-.  The oxidation 
was attributed to subsurface manganese oxides.  Finally, Kaplan et al. observed transport 
and species transformations of 129I in the F-Area burial ground subsurface at the 
Savannah River Site.2   In their study sorption of iodine in the subsurface was highly 
dependent on pH.  Iodate was observed to sorb more strongly than I- in clay-rich 
sediments, but the two species exhibited comparable sorption behavior in sandy 
sediments.  As a practical example of the significance of iodine transformations in the 
subsurface Kaplan et al. measured a total aqueous 129I concentration of 177.95 pCi/L near 
the source of the F-Area plume, and 85.8% of the activity measured was present as I-.2 
Subsequent measurements from a down gradient monitoring well indicated a much lower 
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129I concentration of 13.68 pCi/L with 93.40% of the measured activity present as IO3-.2 
These data may indicate an increase in 129I sorption as I- is oxidized to IO3- thus 
decreasing the mobility of the plume and the ultimate down gradient aqueous 
concentration of 129I. 
 This chapter describes the utilization of coupled solid phase extraction, 
radiochromatography, and liquid scintillation counting techniques for the description of 
transformation kinetics and speciation distribution for iodine in the presence of 
hausmannite (Mn3O4) in an aqueous system.  The interactions of the mineral with 
plutonium have previously been studied by Powell et al.7  The observed speciation and 
sorption behavior of iodine in these trials may have significant implications for future 
predictions of the ultimate fate and mobility of iodine in the environment thus influencing 
exposure estimates and risk assessments. 
 
Experimental Section 
 
Iodine-129 Source 
Iodine-129 originated from a 0.97 PCi NIST-traceable standard in the form of I- 
(Eckert & Ziegler Analytics).  
 
Hausmannite Source 
 Synthetic hausmannite was prepared as described in McKenzie.8 A detailed 
description of the synthesis is included in Appendix C. 
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Batch Interaction and Sorption  
To examine the interactions and kinetics of iodine species transformations in the 
presence of hausmannite, a series of batch contact experiments was conducted.  Samples 
were prepared by suspending 10 mg of synthetic hausmannite in 10 mL of synthetic 
groundwater along with sufficient 1 M HCl to produce the desired pH in a 15 mL galss 
centrifuge vial.  The synthetic groundwater was prepared according to Smith et al. and 
contained approximately 16 ppm Ca2+, 4.6 ppm Na+, 23.5 ppm K+, 48.8 ppm HCO3-, 21.3 
ppm Cl-, and 9.6 ppm SO42-.9 These centrifuge vials were placed on a rotary table, and pH 
was measured and adjusted intermittently with the necessary combination of 1 M HCl, 
0.12 M HCl, and 0.1 M NaOH.  After the mixture was stabilized at the desired pH, 14 Bq 
of 129I as I- were added.  The centrifuge vials were returned to the rotary shaker for a set 
time for batch contact.  Depending on the desired contact time, sample pH was 
periodically measured and adjusted to account for the increase in pH expected to occur 
with the oxidation of I- by the mineral.   
After the prescribed contact time, samples were centrifuged for 10 min at 2700 
rpm prior to decanting the aqueous phase for subsequent iodine speciation analysis.  A 10 
mL volume of 0.1 M hydroxyl amine hydrochloride (NH2OH·HCl) was added to the 
solid phase remaining in the glass centrifuge vial.  The solution was then mixed on the 
shaker until all of the solid phase had been dissolved.  The resulting solution was then 
separated into two plastic LSC vials (5 mL each).  A volume of 15 mL of liquid 
scintillation cocktail was added to each vial before analysis by 1-hour liquid scintillation 
counts.  The measured activity was taken as the 129I sorbed to the hausmannite.  This step 
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allowed for the closure of the 129I mass balance and for the determination of the 
significance of the sorption process for aqueous iodine in the presence of hausmannite. 
The distribution of iodine species in the aqueous phase sample was then analyzed 
by the method described in Grogan and DeVol.10   Briefly, the aqueous phase was 
decanted and filtered through a solid phase extraction disk impregnated with 
polyvinylpyrrolidone (PVP) to extract aqueous I2.  The disk was transferred to a 20-mL 
plastic liquid scintillation vial and 20 mL of Ultima Gold AB liquid scintillation cocktail 
were added.  The disk was then analyzed by liquid scintillation counting (1 hour count) to 
determine the activity initially present in the sample as I2.  The effluent from the solid 
phase extraction process was pumped through a scintillating anion-exchange resin shown 
to be preferential for I- uptake that was contained within a radio-HPLC flow-cell 
detector.11   The activity measured on the column was then taken as the activity initially 
present as I- in the sample.  Finally, the column effluent was acidified with HCl and a 1.5 
mg mass of NaHSO3 was added to reduce any remaining IO3- to I-.  The reduced effluent 
was pumped through the same column and the net activity addition was taken as the 
activity initially present as IO3- in the sample.  The final effluent was also analyzed by 1-
hour liquid scintillation counts.  This process is illustrated in Chapter 3. 
Batch test contact times ranged from one minute to six days at a pH of 3.  At least 
three trials were completed for each time interval.  Additional samples were examined at 
pH levels ranging from 3.5 to 5 and contact times ranging from one hour to eight days.  
Duplicate samples were analyzed for selected pH values and contact times.  The results 
of these trials were utilized to determine the speciation of iodine over time after contact 
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with the hausmannite and to develop a rate law for the observed reaction.  A comparison 
of the reaction rates at different pH levels was also made. 
 
Kinetic Modeling 
 The results from the speciation trials at pH 3 were utilized to determine rate 
constants and rate laws for the transformation of aqueous I- in the presence of 
hausmannite.  The speciation data were modeled using first-order rate laws for two 
successive reactions with a stable final product as shown below: 
 
1 , 1 2 3 4 3 1 1 2( ) , ( ) , , , ,
( ) 2( ) 3 ( ) 3 ( )2 2
surface a b surface a bMn III k k Mn III k Mn O k k k k
aq aq aq sorbedI I IO IO
!!  o o o
 
Eq. 4.3 
1
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k I
dt
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[ ] [ ]slow b slow
d I k I
dt

   Eq. 4.4a-b 
2
1 1 2 2
[ ] [ ] [ ] [ ]a fast b slow
d I k I k I k I
dt
            Eq. 4.5 
][][ 223 Ikdt
IOd  

  Eq. 4.6 
 
where k1a, k1b, and k2 are first-order rate constants; [I-], [I2],and [IO3-] are the percentages 
of initial iodine activity present as I-, I2, and IO3-, respectively, measured as a percentage 
of the total iodine in the system; [I-]fast and [I-]slow are the percentages of initial I- activity  
that initially interact with Mn(III) and Mn(II), respectively.  The sum of [I-]fast and [I-]slow 
is [I-].  The use of two first-order reactions to model the reaction of I- is elucidated in the 
results and discussion section.  The rate constant for IO3- sorption, k3, was taken to be 
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much greater in magnitude compared to k1a, k1b,  and k2 based on previous studies 
indicating rapid IO3- sorption to birnessite, thus resulting in nearly instantaneous sorption 
of IO3- upon generation.3 The solutions to these differential equations were derived using 
the Bateman equations and were subsequently fit and compared to the observed 
transformation behavior of aqueous I- in the presence of hausmannite.12   See Appendix C 
for details. 
 
Results and Discussion 
 
Oxidation and Sorption at pH 3 
Batch contact experiments were utilized to examine iodine species transformation 
in aqueous samples containing hausmannite.  Figure 4.1 shows the change in the relative  
distribution of iodine species in the pH 3 samples over time.  An average mass balance of 
98% was obtained for 129I in these samples.  The data represent averages and standard  
deviations for the three replicates of each batch contact time.  A full description of 
individual samples and results is given in Appendix C.  Representative sample data and 
calculations are included in Appendix C, as well.  The results as shown in Figure 4.1 
indicate an initially rapid decline in the I- concentration during the first 60 minutes of 
contact with the mineral.  The rate of I- transformation subsequently decreases 
significantly to a slower rate until reaching near-equilibrium conditions after 
approximately one day (1440 min).  The oxidized manganese sites are present in a 2:1 
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Figure 4.1: Iodine species distributions over time after contact with hausmannite at pH 3.  
Lines are included to aid viewer.  Sorbed iodine is indicated by the “Solid” data series. 
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ratio compared to the reduced sites, thus allowing the oxidation of I- to dominate in the 
first hour of contact.  The initial decline in the relative I- concentration is accompanied by 
an increase in the concentration of aqueous I2.  The I2 concentration continues to increase 
for a time period of about one day prior to declining.  After one day of contact, the 
relative I2 concentration begins to decline with an accompanying in-growth of measured 
IO3- and solid phase iodine.  These results are consistent with those previously published 
in the literature for aqueous I- in the presence of birnessite which indicated oxidation of I- 
to an intermediate I2 species followed by subsequent oxidation to IO3-.  The expected 
increased iodine sorption to the mineral is also observed with the generation of IO3-. 
The greatest variability in the data was observed between contact times of one 
hour and approximately one day.  This variability was attributed to redox cycling 
behavior of the iodine in the presence of both Mn(III) and Mn(II) sites in the hausmannite 
mineral.  The one hour to one day contact time range corresponds to the time period 
associated with the observed significant change in the I- transformation rate.   
 
Kinetic Modeling 
 The speciation data over time at pH 3 were fit to sequential first-order reaction 
rate laws.  The sum of the integrated solutions to Equations 4.4a-b, respectively, is given 
by Equation 4.7: 
tktk ba eIfeIfI 11 00 ])[1(][][
    Eq. 4.7 
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where [I-]0 is the percentage of initial iodine activity present as I-, f is the fraction of I- 
interacting initially with Mn(III),  and t is time in minutes.  Equation 4.7 is a result of the 
observation that the oxidation of I- to I2 was most closely modeled as the sum of two 
first-order reactions (Equations 4.4a and 4.4b), one fast and the other slow.  Thus, a 
second integrated rate term was included to model the disappearance of I-.  The rate 
constants for the fast and slow reactions were labeled k1a and k1b, respectively.  The 
observation of distinct fast and slow reaction rates for I- was attributed to redox cycling 
resulting from the presence of both oxidized {Mn(III)} and reduced {Mn(II)} manganese 
sites in hausmannite.  The value for f was fixed at 0.66 and corresponds to the relative 
abundance of oxidized manganese sites, [Mn(III)] = 0.66, in hausmannite.  The solution 
for the oxidation behavior of I- is necessarily carried over into the solutions for modeling 
I2 and IO3- over time.  The integrated solutions for the reaction rates of I2 and IO3- are 
shown in Equations 4.8 and 4.9, respectively: 
 
1 1 2 21 1 1 1
2 0 0 0 0
2 1 2 1 1 2 1 2
[ ] [ ] (1 )[ ] [ ] (1 )[ ]a bk t k t k t k ta b a b
a b a b
k k k kI f I e f I e f I e f I e
k k k k k k k k
     § · § · § · § ·     ¨ ¸ ¨ ¸ ¨ ¸ ¨ ¸   © ¹ © ¹ © ¹ © ¹
      
Eq. 4.8 
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[ ] [ ] (1 ) (1 )[ ] (1 ) [ ] (1 ) (1 )[ ] (1 )a bk t k tk t k ta b
a b a b
k k k kIO f I e f I e f I e f I e
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Eq. 4.9 
Derivations for these solutions are included in Appendix C.  Briefly, these solutions were 
fitted to the data using the Solver function in Microsoft Excel©.  Fitting was achieved by 
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allowing Solver to minimize the squared error between the model and the measured data 
for each iodine species by changing the values for k1a, k1b, and k2 using the default Solver 
settings and fixing the value of f at 0.66.  The resulting fitted values for k1a, k1b, and k2 
were calculated to be 0.00885 min-1, 0.000062 min-1, and 0.000096 min-1, respectively.  
The R2 values for the I-, I2, and IO3- model fits were 0.97, 0.92, and 0.92, respectively.  
An approximate difference of two orders of magnitude between the calculated values for 
k1a and k1b was determined.  This difference was attributed to the iodine sink provided by 
the reduced manganese sites that delays I- oxidation.   After the first 60 minutes of 
contact, the much slower oxidation of I- reaction begins to dominate as the relative 
abundance of oxidized species such as I2 increases.  A comparison of the measured data 
for each iodine species and these mathematical models is illustrated in Figure 4.2.  The 
presented data for IO3- represents the sum of measured IO3- and measured iodine sorbed 
to the solid phase mineral.  
 
Effect of pH 
The balanced redox reactions for the oxidation of I- by birnessite are shown in 
Equations 4.10 and 4.11: 
 
OHMnIHOMnI aqaqsaq 2)(
2
)(2)(43)( 4382 o   Eq. 4.10 
OHMnIOHOMnI aqaqsaq 2)(
2
)(3)(43)(2 14152405 o 
  Eq. 4.11 
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Figure 4.2: First-order reaction fit to iodine speciation data at pH 3.  Note that I- and I2 
are aqueous values while IO3- represents the sum of aqueous and sorbed iodine. The R2 
values for these models were as follows: 0.92 for I2, 0.97 for I-, and 0.92 for IO3-. 
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The relatively large stoichiometric coefficients for H+ in Equations 4.10 and 4.11 indicate 
a strong pH-dependence for these reactions.  The effect of pH on the transformation of 
iodine species was examined experimentally with batch contact studies.  The results of 
these studies are shown in Figures 4.3 and 4.4. The data shown in Figure 4.3 represent the 
average measured relative iodine distribution for triplicate samples at pH 3, duplicate 
samples at pH 4, and single samples at pH 3.5 and pH 5.  Data shown in Figure 4.4 
represent the average values for four samples at pH 3, and single samples at pH 4 and pH 
5.  Error bars representing the standard deviation of the data at pH 3 are given in Figure 
4.3 and Figure 4.4 to illustrate potential uncertainty. Figure 4.3 depicts the iodine species 
distributions over a range of pH levels after 60 minutes of contact with the hausmannite 
minerals.  As shown, there is significant transformation measured after 60 minutes at a 
pH of 3.  Roughly 36% of the initial I- concentration has been oxidized to I2.  At pH 
above 3 there is very little, if any, transformation of I- to oxidized forms after 60 minutes 
of contact with the mineral.  The results of this study carried out to contact times of 
between five and six days are shown in Figure 4.4.  Again, at a pH of 3, significant 
oxidation and sorption of the initially added I- is observed with roughly 40% of the iodine 
present as I2, 20% present as I-, and 40% present as either IO3- or sorbed iodine.  
However, as observed for the 60-minute contact trials, no significant transformations of I- 
were observed above pH 3 even after 5 to 6 days of contact with the mineral.  These 
results underscore the significant pH dependence of the I- oxidation reactions that was 
expected based on the redox reaction in Equations 4.10 and 4.11. Similar pH-dependent 
oxidation of I- by birnessite was observed by Fox et al.5 However, Fox et al. measured I-  
 99 
-20
0
20
40
60
80
100
2.5 3 3.5 4 4.5 5 5.5
I
2
I-
IO
3
-
Solid
%
 S
pe
ci
es
pH
 
Figure 4.3: Iodine species distributions after 60 minutes of contact with hausmannite over 
a range of pH from 3 to 5.  Lines are included to aid viewer. 
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Figure 4.4: Iodine species distributions after 5 to 6 days of contact with hausmannite over 
a range of pH from 3 to 5.  Lines are included to aid viewer. 
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oxidation to at up to pH 6.25.  The extension of I- oxidation to higher pH ranges is likely 
a result of the reduced pH-dependence of I- oxidation by birnessite compared to 
hausmannite as illustrated by comparison of Equations 4.1 and 4.2 to Equations 4.10 and 
4.11.  Also of significance is the greater oxidizing potential of Mn(IV) in birnessite 
compared to Mn(III) in hausmannite. 
 
Conclusions 
 
 Significant oxidation of aqueous I- to IO3- was observed through an I2 
intermediate.  At pH 3 the oxidation of I- was governed by two distinct rate laws.  A first-
order rate law with a relatively fast rate constant governed the first 60 minutes of I- 
contact with the mineral followed by a secondary first-order rate law with a much slower 
rate constant that governs the oxidation of I- after 60 minutes of contact with the mineral.  
The reaction was found to be highly pH dependent with very little speciation change or 
sorption observed above a pH of 3 with contact times up to six days.  Sorption to the 
mineral was observed to increase with the generation of IO3- consistent with previous 
studies.4,5 
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CHAPTER 5 
CONCLUSIONS 
 
Summary 
 
 The work presented in this dissertation sought to address the challenges 
associated with the detection and measurement of radioactive iodine in the environment.  
These challenges included relatively low concentrations and redox activity.  On-line 
radiochromatography was chosen to address the challenges of low concentrations and 
stringent regulatory standards due to the advantages gained by simultaneous separation, 
concentration, and detection of aqueous radioactive iodine.  Additionally, the source to 
scintillator proximity in the utilized radiochromatography resin allowed for increased 
detection efficiency and subsequently, a decreased minimum detectable activity.  The 
redox activity of iodine was addressed by the development of an iodine speciation 
method suitable for measuring and distinguishing among radioactive I-, I2, and IO3-.  The 
method utilized solid phase extraction, a radiochromatography system, and liquid 
scintillation counting.  Finally, the developed method was applied to the investigation of 
the iodine redox and sorption behavior in the presence of hausmannite. 
The three preceding chapters were intended as individual articles for publication 
addressing the objectives stated in Chapter 1.  The first stated objective was to synthesize 
and characterize a scintillating anion-exchange resin suitable for simultaneously 
separating, concentrating, and detecting aqueous radioactive I-.  The first objective was 
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met through the development of a scintillating anion-exchange resin functionalized with 
MDOA that exhibited preferential uptake of aqueous I- as part of an integrated 
radiochromatography system.  The performance of this resin as part of the 
radiochromatography system allowed for the potential on-line detection of aqueous 129I to 
the low Safe Drinking Water Act limit of 0.4 Bq/L given sufficient concentration volume 
and counting time.   
The second stated objective was to incorporate the synthesized scintillating anion-
exchange resin and radiochromatography system into an expanded analytical method 
suitable for the measurement of aqueous radioactive I-, I2, and IO3-.  The objective was 
addressed through the coupling of the radiochromatography system from the initial 
objective with solid phase extraction and liquid scintillation procedures.  The resulting 
method allowed for nearly quantitative determination of each iodine species in single-
species samples.  Consistent measurements were obtained for the three iodine species in 
both single- and mixed-species samples.  The method eliminated the necessity of time- 
and labor-intensive chemical preparations or costly analytical instrumentation.  The 
utility of the method for sequentially measuring and identifying multiple aqueous iodine 
species has significant implications for analyzing the ultimate fate and transport of iodine 
in the environment and could play an important role in future risk assessments.  The 
calculated detection limits were within an order of magnitude of the Safe Drinking Water 
Act MCL of 0.4 Bq/L.  Future work will address improvements that will make the 
developed method a viable process for the detection of radioactive iodine species at 
concentrations below 0.4 Bq/L. 
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The final stated objective was to assess the efficacy of the developed radioactive 
iodine speciation method for the analysis of the redox behavior of aqueous radioactive 
iodine in the presence of hausmannite.  The results of the application of the newly 
developed method indicated the oxidation of I- to IO3- through an I2 intermediate as was 
observed for several other investigations with different manganese minerals.  The 
application of this method included the additional advantages of direct measurement of 
each iodine species (as opposed to measurement by difference) and the ability to obtain a 
mass balance through the measurement of iodine sorbed on the mineral.  Combining 
these advantages with the relatively rapid and economical nature of the method as a 
whole represents a significant improvement upon the currently available analytical 
techniques for comparable measurements. 
 
Recommendations for Future Work 
 
Organic Iodine Species  
There are several questions that remain for future investigations and research.  
Perhaps of most interest is the role of organic carbon on the environmental speciation of 
iodine.  The current method has only been characterized for inorganic iodine species. The 
effect of the presence of organic material and organic iodine, in particular, on the method 
performance has yet to be determined.  Of specific interest would be the determination of 
at what analytical step, if any, organic iodine species are measured in the current method.  
The author believes that organic matter of sufficient size would be removed by the solid 
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phase extraction disk.  However, inclusion of organic material and organic iodine species 
may require method modification to account for potential disk or column fouling or an 
inability to detect organic iodine species in their original form.  The ability to include 
organic iodine species in the analysis would significantly expand the utility of the method 
for a variety of environmental systems. 
 
Improvements to Decrease Detection Limits 
 The calculated detection limits for the developed method were within an order of 
magnitude of the Safe Drinking Water Act MCL of 0.4 Bq/L.  Modifications to the 
method such as increasing the size of the column as well as the resin mass contained 
within the column are expected to reduce these detection limits to concentrations below 
0.4 Bq/L.  Adjusting the flow rate through the column may also have an impact.  A future 
investigation should address these modifications and the resulting detection limits to 
make the developed method a viable procedure for measuring 129I concentrations below 
0.4 Bq/L. 
 
Establishment of Iodine Speciation Equilibrium 
 A relatively straightforward future investigation would involve the extension of 
the batch contact hausmannite speciation study to greater time intervals.  The current 
work describes the iodine speciation out to contact times of five to six days.  Based on 
these results, this time period was sufficient to reach near-equilibrium conditions.  
However, speciation changes do appear to be continuing slowly even after six days.  
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Extending this study, perhaps to time periods up to 30 days may allow for determination 
of the true equilibrium species distribution of iodine in the presence of hausmannite.   
 
Analysis of Real Environmental Samples 
 Application of laboratory-developed methods to actual environmental samples is 
not always straightforward.  There are multiple locations such as the Savannah River and 
Hanford Sites with groundwater 129I plumes.  The application of the developed method to 
these environmental samples would prove beneficial for refinement of the method.  
Again, variables such as organic matter, particulate matter, mineral diversity, biological 
matter, and the presence of potential interfering analytes such as TcO4- will need to be 
addressed for practical application.  The author was unable to investigate these variables 
due to unavailability of appropriate samples. 
 
Implications for Mobility, Exposure, and Risk Assessment 
 As noted previously, the speciation of iodine in the environment has significant 
implications for its subsurface mobility.  The ability to identify individual iodine species 
as opposed to total iodine, total inorganic iodine, or total organic iodine has obvious 
benefits for predicting the subsurface transport and fate of a plume.  Additionally, the 
current regulations are not species-specific.  It is reasonable to expect the fate and 
ultimate bioavailability for different iodine species to differ as well, and research to 
characterize these factors would be a valuable endeavor.  Again, the ability to identify 
specific iodine species may aid in the determination of exposure differences which 
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would, in turn, help to refine the regulatory standards.  Finally, the refinements in 
transport and exposure terms can be applied to future risk assessments.  Thus, a future 
research opportunity also exists for investigating the impact of utilizing the developed 
method as part of a larger risk assessment procedure. 
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APPENDIX A 
Supplemental Data for Chapter 2   
 
Summary of Flow-Cell Trials for Characterization of MDOA Scintillating Anion- 
Exchange Resin 
 
 This section contains a summary of the flow-cell experiments utilized to 
characterize the MDOA scintillating anion-exchange resin in Table A.1.  A reduced form 
of this data was presented in Table 2.1.  Additionally, Table A.1 contains data for elution 
and column interference trials.  The column titled Load indicates the 129I activity (as I-) 
present in the load solution.  The column titled Matrix describes the conditioning, 
loading, and washing solution (these are identical solutions for a for a given trial) utilized 
for a particular trial.  The acronyms utilized in this column are as follows: SGW is 
synthetic groundwater; DDI is distilled deionized water; MIX-IS is a solution containing 
approximately 1000 ppm each of Cl-, HCO3-, SO42-, and NO3-.  The column titled 
Effluent indicates the total activity measured in the column effluent by liquid scintillation 
counting.  The column titled Net PHS indicates the difference in count rate measured on 
column after washing or elution compared to the background count rate measured after 
column conditioning. 
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Table A.1: Description and Results for Individual MDOA Scintillating Anion-Exchange 
Resin Flow-Cell Trials 
Column Load (Bq) Matrix Effluent (Bq) Net PHS (cps) İl İd
MDOA #1 7 SGW 1.37 2.67 0.80 0.48
MDOA #2 7 SGW 0.63 3.31 0.91 0.51
MDOA #2 7 SGW 0.70 3.97 0.90 0.62
MDOA #3 7 SGW 0.01 3.57 1.00 0.51
MDOA #3 7 SGW 0.01 3.55 1.00 0.50
MDOA #3 7 SGW 0.07 3.62 0.99 0.52
MDOA #1 7 SGW 0.24 3.45 0.97 0.50
MDOA #1 7 SGW 0.02 3.43 1.00 0.48
MDOA #4 7 SGW 0.15 3.33 0.98 0.49
MDOA #4 7 SGW 1.15 2.95 0.84 0.48
MDOA #4 7 SGW 2.14 2.62 0.69 0.54
MDOA #5 7 SGW 0.71 3.21 0.90 0.50
MDOA #5 7 SGW 1.78 2.50 0.75 0.46
MDOA #7 7 SGW 0.00 3.07 1.00 0.44
MDOA #7 7 SGW 0.59 3.21 0.92 0.49
MDOA #7 7 SGW 1.46 2.92 0.79 0.53
MDOA #7 7 SGW 0.62 3.16 0.91 0.48
MDOA #9 7 SGW 0.30 3.48 0.96 0.50
MDOA #9 7 SGW 0.23 3.06 0.97 0.44
MDOA #9 7 SGW 0.01 3.61 1.00 0.52
MDOA #8 7 MIX-IS 5.99 0.44 0.17 0.37
MDOA #8 7 MIX-IS 6.29 0.17 0.11 0.22
MDOA #6 7 1000 ppm NO3
- 6.47 0.15 0.09 0.25
MDOA#10 7 1000 ppm SO4
2- 4.33 1.40 0.40 0.48
MDOA#11 7 1000 ppm Cl- 0.16 3.05 0.98 0.43
MDOA#12 7 1000 ppm HCO3
- 1.05 2.79 0.85 0.47
MDOA#12 7 1000 ppm HCO3
- 0.02 3.79 1.00 0.54
BLANK#1 7 SGW 7.43 0.04 -0.05 -0.10
MDOA#13 7 10 ppm NO3
- 0.86 3.72 0.88 0.58
MDOA#14 7 100 ppm NO3
- 0.87 4.33 0.88 0.70
MDOA#15 7 100 ppm SO4
-2 0.01 2.72 1.00 0.39
MDOA#15 0 4M HNO3 1.72 -1.95 Elution Elution
MDOA#17 7 200 ppm HCO3
- 1.17 2.30 0.84 0.39
MDOA#18 14 SGW/ 0.5M HNO3 2.61 1.56 Elution Elution
MDOA#20 14 SGW/ 0.5M HNO3 5.84 2.69 Elution Elution
MDOA #9 0 1000 ppm NaNO3 2.11 -1.35 Elution Elution
MDOA#22 21 SGW 0.33 10.48 0.98 0.51
MDOA #4 0 1000 ppm NaNO3 2.22 -2.68 Elution Elution
MDOA #28 0 SGW 0.35 -1.68 Elution Elution
MDOA #30 14 SGW 12.56 0.67 0.08 0.59
MDOA #30 7 SGW 0.19 2.29 0.97 0.35
MDOA #31 11 SGW 0.87 3.56 0.92 0.36
MDOA #31 7 SGW 0.20 2.02 0.97 0.30
MDOA #32 7 SGW 0.07 0.97 0.99 0.14
MDOA #33 14 SGW 0.34 2.57 0.98 0.19
MDOA #33 14 DDI 0.02 1.72 1.00 0.13
MDOA #34 14 SGW 0.01 0.27 1.00 0.02
MDOA #37 15 SGW 0.89 4.19 0.94 0.30
MDOA #37 14 SGW 1.19 3.22 0.91 0.26
MDOA #38 14 SGW 0.55 4.10 0.96 0.31
MDOA #39 14 SGW 0.34 6.60 0.98 0.49
MDOA #39 7 SGW 0.19 3.09 0.97 0.47
MDOA #39 7 SGW 0.05 3.03 0.99 0.45  
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Liquid Scintillation Counting Data for Scintillating Anion-Exchange Resin Uptake 
Kinetics Trials 
 
 This section contains the liquid scintillation counting data collected during 
scintillating anion-exchange resin uptake kinetics trials in Table A.2.  This data was used 
to generate Figure 2.5.  Also included are the contact time, resin mass, initial aqueous 
phase volume (Vi), and final aliquot volume (Vf).  The Blank indicates a sample that was 
not spiked with 129I.  Counting times of 2 hours were used for these trials. 
 
 
Table A.2: Experimental parameters and results for the MDOA resin uptake kinetics 
trials 
 
Contact Time (min) Resin Mass (g) Vi (mL) Vf (mL) Count Rate (CPM) ıFSP
0 0 10.0119 8.3496 401.9 2.07
1 0.0155 10.0284 8.5376 174.0 1.48
5 0.0150 9.8426 9.2561 115.8 1.29
30 0.0144 10.0083 8.4628 73.4 1.13
60 0.0150 10.0098 8.5084 72.6 1.13
Blank 0.0159 10.0888 8.5081 67.7 1.11  
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Liquid Scintillation Counting Data for the Scintillating Anion-Exchange Resin Dynamic 
Capacity Study 
 
 This section contains a summary of the liquid scintillation counting data collected 
during the dynamic capacity study for the MDOA resin in Table A.3.  This data was used 
to generate Figure 2.6.  The total volume pumped at the time of each sample collection is 
included.  The volume of each individual sample is included as well.  The Blank indicates 
an approximate aqueous phase volume of 2 mL that was not spiked with 129I. 
 
Table A.3: Sample parameters and liquid scintillation counting data for the dynamic 
capacity study for the MDOA resin 
 
Pumped V (mL) Sample V (mL) Count Rate (cpm) Net Count Rate (cpm) Cf (Bq/mL)
2.1387 2.1387 42.8 1.0 0.00
4.2997 2.1610 56.9 15.1 0.05
6.4642 2.1645 71.5 29.7 0.11
8.6298 2.1656 79.1 37.3 0.13
10.7955 2.1657 81.6 39.8 0.14
12.9714 2.1759 84.1 42.3 0.15
15.1485 2.1771 87.1 45.3 0.16
17.3191 2.1706 85.3 43.5 0.15
19.4956 2.1765 86.9 45.1 0.16
21.6677 2.1721 89.1 47.3 0.17
23.8125 2.1448 88.4 46.6 0.17
26.0195 2.2070 92.0 50.2 0.18
28.1798 2.1603 91.7 49.9 0.18
30.1846 2.0048 89.4 47.6 0.18
BLANK 41.8  
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APPENDIX B 
Supplemental Data for Chapter 3 
Summary of Iodine Speciation Samples 
 This section contains a summary of the raw data prior to application of the 
correction-algorithm for each individual sample utilized for developing and 
characterizing the iodine speciation method in Table B.1.  Reduced forms of this data 
were utilized in Tables 3.1, 3.2, 3.3, and 3.4.  The table includes the theoretical and 
measured relative percentage of each iodine species measured in a given sample as well 
as the percentage of the initially added iodine measured in the method effluent, the 
overall iodine mass balance, and the MDOA column number utilized for each sample. 
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Table B.1 Summary of individual iodine speciation samples 
Sample I2 (%) I
- (%) IO3
- (%) I2 (%) I
- (%) IO3
- (%) Effluent (%) Mass Balance (%) MDOA Column
1 100 0 0 86 2 1 5 94 41
2 100 0 0 94 1 0 3 98 41
3 100 0 0 98 0 0 20 117 42
4 100 0 0 92 0 2 3 98 44
5 100 0 0 99 2 2 4 106 44
6 100 0 0 100 1 1 3 105 108
7 0 100 0 3 92 0 0 95 40
8 0 100 0 2 90 0 1 93 40
9 0 100 0 3 85 9 0 97 40
10 0 100 0 1 98 2 11 112 44
11 0 100 0 1 102 6 0 109 48
12 0 100 0 1 92 8 2 102 109
17 0 0 100 1 7 88 5 100 50
19 0 0 100 0 10 75 14 100 52
21 0 0 100 - 15 77 8 100 57
22 0 0 100 - 18 78 5 100 58
23 0 0 100 - 27 73 0 100 59
24 0 0 100 - 26 74 1 100 60
25 23 54 23 12 88 0 0 100 53
26 23 54 23 11 89 0 0 100 54
27 23 54 23 10 90 0 0 100 55
28 60 17 23 19 75 6 1 100 61
29 60 17 23 16 68 14 2 100 62
Theoretical Measured
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Liquid Scintillation Counting Data for Scintillating Anion-Exchange Resin Column 
Breakthrough Studies 
 
This section contains a summary of the liquid scintillation counting data collected 
during the column breakthrough studies for the MDOA resin in Table B.2.  This data was 
used to generate Figure 3.2.  The total volume pumped at the time of each sample 
collection is included.  The volume of each individual sample was 5 mL for 
concentrations of 6 Pg/L, 21 Pg/L, and 105 Pg/L.  The detailed liquid scintillation 
counting data for the 115000 Pg/L concentration is given in Table A.3 of Appendix A.  A 
volume of 0 mL represents the Blank sample which was composed of the appropriate 
volume of load solution without a 129I spike.  The liquid scintillation counting detection 
efficiency for 21 Pg/L and 105 Pg/L samples was 0.96 and samples were counted for 1 
hour.  Samples from the 6 Pg/L trials were counted for 3 hours. 
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Table B.2: Liquid scintillation counting data for MDOA resin breakthrough studies 
  21 Pg/L 105 Pg/L 6 Pg/L 
Volume 
(mL) CPM 
CRnet 
(cpm) CPM 
CRnet 
(cpm) 
Volume 
(mL) CPM 
CRnet 
(cpm) 
0 50.5 0.0 49.8 0 0 37 0 
5 51.4 0.9 48.3 -1.5 5 36 0 
15 51.1 0.6 49.3 -0.5 26 37 0 
25 51.9 1.4 50.8 1 51 36 0 
35 48.3 -2.2 51.5 1.7 71 37 0 
45 50.4 -0.1 54.4 4.6 92 37 0 
55 49.3 -1.2 60.3 10.5 112 38 1 
65 51.0 0.5 66.4 16.6 133 38 1 
75 50.9 0.4 74.9 25.1 155 39 2 
85 51.5 1.0 82.9 33.1 175 40 3 
95 50.9 0.4 91.3 41.5 196 39 2 
105 52.6 2.1 103.5 53.7 216 41 4 
115 51.3 0.8 111.5 61.7 237 41 4 
125 51.6 1.1 121.7 71.9 247 42 5 
135 52.8 2.3 126.8 77     
145 52.2 1.7 134.5 84.7     
155 54.5 4.0 141.9 92.1     
165 54.4 3.9 143 93.2     
175 52.0 1.5 151.5 101.7     
185 53.6 3.1 152.4 102.6     
200 54.5 4.0 152.5 102.7     
205 50.9 0.4        
215 52.5 2.0        
225 54.0 3.5        
235 60.9 10.4        
245 67.2 16.7        
255 73.3 22.8        
265 78.0 27.5        
275 82.2 31.7        
285 82.5 32.0        
295 84.3 33.8        
305 84.3 33.8        
315 85.5 35.0        
325 84.6 34.1        
335 86.4 35.9        
345 90.4 39.9        
350 86.2 35.7           
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Representative Iodine Speciation Sample Calculation 
 This section presents a representative calculation for an iodine speciation sample 
utilized in Chapter 3.  The presented sample was a standardized single-species sample 
containing 13.60 Bq of 129I as aqueous I2.  Liquid scintillation counting samples were 
counted for 1 hour. Pulse height spectra from the MDOA column were 10-minute counts.  
The detection efficiencies for liquid scintillation counting of the I2 disk and final effluents 
with volumes of 5 mL each were 0.92 and 0.94, respectively.  The detection efficiency of 
the MDOA column was 0.47.  Liquid scintillation counting results are given in Table B.3.  
The column labeled A represents the measured activity in each sample.  The columns 
ODEHOHGıUHSUHVHQWWKHVWDQGDUGGHYLDWLRQEDVHGRQFRXQWLQJVWDWLVWLFV7KHFROXPQ
labeled 129I represents the percentage of the total 129I activity measured in each sample.  
Counting results from the flow-cell system are given in Table B.4.  The columns labeled 
CRi and CRf represent the measured flow-cell count rates before and after each loading 
step, respectively.   
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Table B.3: Representative liquid scintillation counting results for a 100% I2 sample 
Sample Count Rate (cpm) Net Count Rate (cpm) A (Bq) ı%T 129I (%) ı
I2 Disk 793.5 744.8 13.51 0.07 99.32 0.50
Disk Blank 48.7 0 0
Final Effluent1 59.5 7.1 0.13
Final Effluent2 62.5 10.1 0.18
Final Effluent3 59.8 7.4 0.13
Final Effluent4 60.3 7.9 0.14 0.02 4.24 0.18
Final Effluent Blank 52.4 0 0  
 
 Table B.4: Representative flow-cell counting results for a 100% I2 sample 
Loading Step CRi (cps) CRf (cps) CRnet (cps) A (Bq) ı%T
129I (%) ı
I- Load 1.37167 1.475 0.103 0.22 0.15 1.62 1.08
IO3
- Load 1.47500 1.625 0.150 0.32 0.15 2.35 1.12  
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APPENDIX C 
Supplemental Data and Information for Chapter 4 
 
Preparation of Synthetic Hausmannite (Mn3O4) 
 Synthetic hausmannite was prepared by Brian Powell as described in McKenzie 
(1971).  A mass of 84.50 g of MnSO4 ·H2O was added to a 900 mL of distilled deionized 
water (DDI) in an Erlenmeyer flask.  A 75 mL volume of 10 M NaOH was added to the 
flask to precipitate a manganese oxide.  The flask was filled to the rim with DDI and 
sealed with a rubber stopper to prevent air from entering and oxidizing the sample.  The 
solids were allowed to settle prior to decanting the solution.  The flask was refilled with 
DDI and sealed.  The solids were allowed to settle and the process was repeated.  The 
decantation process was repeated eight times.  The final three times, the slurry was 
transferred into four 250-mL centrifuge tubes.  These suspensions in the centrifuge tubes 
were centrifuged for five minutes at 2000 rpm.  The solids were transferred to a 1 L 
Erlenmeyer flask and DDI was added to the 1 L mark.  An O2(g) line was placed in the 
solution at a vigorous bubble.  The flask was placed on a stir plate and stirred.  The O2(g) 
purge with stirring continued for approximately seven hours.  The white precipitate 
turned brown during this time.  After this time the flask was removed from the stir plate 
and the purge was discontinued.  The solids were allowed to settle prior to filtering the 
suspension with Whatman 0.450 Pm Metrical Membrane filters in approximately 50 mL 
batches.  Solids were placed on aluminum foil and set on the shelf to air dry.  After 
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drying, the solids were crushed with a mortar and pestle and transferred to an HDPE 
bottle.  The solids were confirmed to be hausmannite based on XRD analysis (Powell, 
2004).  The average oxidation state of manganese over three measurements measured as 
2.70±0.04 where the error is reported as two standard deviations (Powell, 2004).  The 
theoretical oxidation state for manganese in hausmannite is 2.66.  The mass fraction of 
manganese in the synthetic hausmannite was measured to be 0.70 (Powell, 2004).  The 
theoretical mass fraction of manganese in hausmannite is 0.72. 
 
Summary of Mineral Speciation Samples 
This section contains a summary of each individual sample utilized to investigate 
iodine speciation in the presence of hausmannite in Table C.1.  The table includes the 
contact time of each batch trial, the measured relative percentage of each iodine species 
including sorbed iodine, and the overall mass balance for each sample.  The data were 
utilized in the generation of Figures 4.2, 4.3, 4.4, and 4.5. 
 
 
 
 
 
 
 
 
 
 121 
 
Table C.1: Summary of the experimental conditions and speciation data collected for the 
batch iodine speciation trials in the presence of hausmannite 
Sample pH time (min) I2 (%) I
- (%) IO3
- (%) Solid (%) Mass Balance (%)
1 3 1 9 97 -5 2 104
2 3 1 1 115 -1 2 117
3 3 1 3 106 0 2 112
4 3 10 42 56 0 2 101
5 3 10 9 106 -3 3 115
6 3 10 7 99 0 3 110
7 3 10 6 93 -1 3 104
8 3 60 29 61 9 6 107
9 3 60 44 47 4 4 100
10 3 60 31 73 1 3 110
11 3 120 45 42 1 5 96
12 3 120 12 80 7 5 109
13 3 123 35 63 6 4 114
14 3 1340 74 14 3 3 103
15 3 1357 41 38 5 10 99
16 3 1490 54 21 4 11 95
17 3 3996 36 28 15 12 96
18 3 4076 42 14 5 19 86
19 3 4281 44 23 6 15 95
20 3 8515 27 18 6 26 83
21 3 8545 33 17 8 23 96
22 3 8554 33 17 1 29 83
23 3 8640 47 15 12 18 98
24 3.5 60 1 102 8 2 113
25 3.5 1492 65 13 10 3 95
26 3.5 4250 65 15 10 3 98
27 3.5 4439 56 38 2 2 104
28 4 60 1 104 -1 2 105
29 4 60 1 107 -1 2 110
30 4 1405 0 118 -1 3 121
31 4 4268 12 106 -6 5 119
32 4 4328 39 66 5 4 115
33 4 7178 3 87 1 2 94
34 4 11232 51 37 -3 2 93
35 4 11342 3 60 22 2 90
36 5 60 0 121 0 1 123
37 5 8399 0 90 1 2 94  
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Representative Iodine Speciation after Hausmannite Contact Sample Calculation 
 
This section presents a representative calculation for an iodine speciation in the 
presence of hausmannite sample utilized in Chapter 3.  The presented sample utilized a 
14.14 Bq of 129I initially present as aqueous I- prior to batch contact with hausmannite for 
approximately one day.  Liquid scintillation counting samples were counted for 1 hour. 
Pulse height spectra from the MDOA column were 10-minute counts.  The detection 
efficiency for liquid scintillation counting of the I2 disk was 0.92.  The liquid scintillation 
counting detection efficiency for dissolved solid phase samples was 0.96.  The liquid 
scintillation counting detection efficiencies for the final effluent and washing step 
samples were 0.94 and 0.96, respectively.  The detection efficiency of the MDOA 
column was 0.47.  Liquid scintillation counting results are given in Table C.2.  The 
column labeled A represents the measured activity in each sample.  The columns labeled 
ıUHSUHVHQWWKHVWDQGDUGGHYLDWLRQEDVHGRQFRXQWLQJVWDWLVWLFV7KHFROXPQODEHOHG129I 
represents the percentage of the total 129I activity measured in each sample.  Counting 
results from the flow-cell system are given in Table C.3.  The columns labeled CRi and 
CRf represent the measured flow-cell count rates before and after each loading step, 
respectively.  The column labeled CRnet represents the difference between CRi and CRf. 
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Table C.2: Representative liquid scintillation counting results for an iodine speciation 
sample after batch contact with hausmannite 
 
Sample Count Rate (cpm) Net Count Rate (cpm) A (Bq) ı%T 129I (%) ı
I2 Disk 377.7 320.5 5.81 0.05 41.11 0.35
Disk Blank 57.2 0 0
Solid 1 87.3 38.3 0.66
Sold 2 93.3 44.3 0.77 0.03 10.10 0.19
Solid Blank 49.0 0 0
Final Effluent1 57.9 5.5 0.10
Final Effluent2 63.2 10.8 0.19
Final Effluent3 61.2 8.8 0.16
Final Effluent4 62.2 9.8 0.17
SGW Wash 1 53.4 1 0.02
SGW Wash 2 50.5 -1.9 -0.03 0.02 4.50 0.17
Final Effluent Blank 52.6 0 0
SGW Blank 52.9 0 0  
 
 
Table C.3: Representative flow-cell counting results for an iodine speciation sample after 
batch contact with hausmannite 
 
Loading Step CRi (cps) CRf (cps) CRnet (cps) A (Bq) ı%T
129I (%) ı
I- Load 1.01667 3.43501 2.418 5.15 0.18 36.39 1.30
IO3
- Load 3.43501 3.89501 0.460 0.98 0.24 6.92 1.66  
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Derivations and Model Fitting for Solutions to Speciation Rate Laws 
This section presents the derivations of the integrated rate laws for iodine 
speciation over time in the presence of hausmannite discussed in Chapter 4 as well as an 
illustration of the fitting procedure.  Figure C.1 illustrates the oxidation of I- as the sum of 
two first-order reactions.   
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Figure C.1: Oxidation of I- by hausmannite at pH 3 over time as the sum of two first-
order reactions. 0 to 120 min (a) and >120 min (b) 
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The differential equations for the reaction rate of I- are shown in Equations C.1a-b.  The 
integration of Equation C.1a is shown in Equations C.2-C.4.: 
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where the coefficient, f, was included as the fraction of [I-]0 initially interacting with 
Mn(III).  The integration was repeated for Equation C.1b to account for the slower 
reaction using the coefficient (1-f) as the fraction of [I-]0 initially interacting with Mn(II).  
The sum of the two integrated first-order reactions is shown Equation C.5: 
1 1
0 0[ ] [ ] (1 )[ ]a b
k t k tI f I e f I e          Eq. C.5 
The solution presented in Equation C.5 was necessarily incorporated into the equations 
for the reaction rates of I2 and IO3- as shown in Equations C.6 and C.7, respectively. 
2
1 1 2 2
[ ] [ ] [ ] [ ]a fast b slow
d I k I k I k I
dt
     Eq. C.6 
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
 Eq. C.7 
The resulting integrated solution for the reaction of I2 was derived based on a general 
solution to sequential first-order reactions as given by Bateman (1910).  The general 
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solution assumes that the initial amount of all species except the first is zero. The solution 
is as shown in Equation C.8: 
t
n
tt
n
neCeCeCN OOO   ...21 21   Eq. C.8 
where Nn is the amount of the nth VSHFLHVDQGȜn is the reaction rate constant for the nth 
species.  The equation to determine the values for the Cn coefficients is given in Equation 
C.9: 
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where N1,0 is the initial amount of the original species.  Applying the modified two-term 
solution for the reaction of I- to this general equation results in the following solution for 
the concentration of I2 over time:  
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Eq. C.10 
The solution to Equation C.7 was determined by integration using the solution derived in 
Equation C.10 as follows: 
dtIkIO
t
t ][][ 2
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Eq. C12 
The integrated final solution for the concentration of IO3- over time is shown in Equation 
C.13: 
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Eq. C.13 
The procedure for fitting these integrated solutions to the iodine speciation data is 
shown in Table C.4.  Estimates for k1a, k1b, and k2 were input to Microsoft Excel© along 
with a fixed value for f (0.66).  These values were then utilized with Equations C.5, C.10, 
and C.13 to generate models for I-, I2, and IO3- concentrations over time, respectively.  
The sum of the squared error between the measured data and the models was then 
determined for each time.  The total error was calculated as the sum of the individual 
errors for each iodine species at each time.  The Solver add-in was utilized to minimize 
the value of the total error by changing the values of k1a, k1b, and k2 to determine 
optimum values for these reaction rate constants.  The following settings were utilized in 
Solver:  
Max Time: 100 s 
Iterations: 100 
Precision: 0.000001 
Tolerance: 5% 
Convergence: 0.0001 
Estimates: Tangent 
Derivatives: Forward 
Search: Newton 
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Table C.4: First-order model fitting procedure 
Time (min) Data Model Error Data Model Error Data Model Error
0 1.00 0.99 0.0001 0.00 0.00 0.0000 0.00 0.00 0.0000
1 0.96 0.98 0.0005 0.04 0.01 0.0009 0.00 0.00 0.0000
10 0.92 0.93 0.0003 0.07 0.06 0.0002 0.01 0.00 0.0001
60 0.58 0.72 0.0183 0.34 0.27 0.0040 0.08 0.00 0.0068
120 0.61 0.56 0.0027 0.30 0.43 0.0167 0.09 0.00 0.0075
1396 0.26 0.30 0.0019 0.61 0.61 0.0000 0.13 0.08 0.0029
4118 0.25 0.26 0.0000 0.47 0.51 0.0015 0.28 0.22 0.0026
8564 0.20 0.19 0.0001 0.42 0.38 0.0016 0.37 0.41 0.0015
IO3-I- I2
 
Sum Error= 0.0703 
A = 0.66 
B = 0.33 
k1a (min-1) = 0.00885 
k1b (min-1) = 6.2E-05 
k2 (min-1) = 9.6E-05 
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